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Abstract
The present PhD thesis is devoted to the design and fabrication of multi-functional
Fe2O3-based nanomaterials by means of vapor phase techniques, such as chemical vapor
deposition, both thermal (CVD) and plasma enhanced (PECVD), atomic layer deposition
(ALD) and sputtering, either as such or combined into original preparation strategies.
The performed research activities have covered the entire material production chain,
encompassing the preparation of the molecular precursor, the material development and
chemico-physical characterization, up to the ultimate functional validation for energy and
environmental applications.
In particular, the attention has been initially devoted to the synthesis and charac-
terization of a novel Fe(II) precursor [Fe(hfa)2TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-
2,4-pentanedionate; TMEDA = N,N,N’,N’- tetramethylethylenediamine)], possessing im-
proved properties for use in CVD processes with respect to the iron compounds proposed
so far. The utilization of this compound in thermal CVD experiments yielded not only
the most stable and widely used α-Fe2O3 phase, but also the rare and scarcely inves-
tigated β- and -Fe2O3 polymorphs, that could be selectively obtained as pure phases
with controlled nano-organization. In addition, Fe(hfa)2TMEDA was used in PECVD
experiments as molecular source for both Fe and F thanks to the unique reactivity of
non-equilibrium cold plasmas, resulting in the obtainment of F-doped α- and β-Fe2O3
nanosystems. Following the efforts devoted to the preparation of single-phase nanoma-
terials with improved functional performances, the fabrication of metal/oxide (M/Fe2O3,
with M = Pt, Ag, Au) and oxide/oxide (CuO/Fe2O3, Fe3−xTixO4/Fe2O3) nanocomposites
has finally been accomplished through the combination of CVD with sputtering or ALD.
The study of the interplay between processing conditions, system features and func-
tional activities was proved to be a successful tool of the whole PhD research activity.
To this regard, a thorough characterization of the material composition, morphology and
spatial organization, micro- and nano-structure and optical properties, was carried out
by the use of forefront and complementary analytical techniques. In addition, the func-
tional performances of selected nanosystems were investigated in view of their possible
use in a variety of technological end-uses [magnetism, Li-ion batteries, gas sensing of
flammable/toxic analytes, and photo-activated applications (photo-induced hydrophilic-
ity, photocatalytic pollutant decomposition, photocatalytic and photoelectrochemical H2
production)].
The results obtained in this PhD work demonstrate that the preparation of iron(III)
oxide systems, either as such or in combination with others guest phases, with selected
phase composition (α- or β- or -Fe2O3) and nano-organization, represents a valuable an-
swer to meet open challenges in various high-tech applications. In particular, the adopted
approaches involving vapour phase-related routes offer the possibility of future up-scaling
and commercialization of the studied materials, one of the key issues for their technological
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exploitation in advanced devices.
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Sommario
La presente tesi di dottorato ha riguardato la progettazione e fabbricazione di nanoma-
teriali multi-funzionali a base di Fe2O3 utilizzando tecniche da fase vapore, quali chemical
vapor deposition, sia termica(CVD) che plasma assistita (PECVD), atomic layer depo-
sition (ALD) e sputtering, sia come tali che combinate in originali strategie sintetiche
ibride.
Le attivita` di ricerca hanno coperto l’intera catena di produzione, partendo dalla sintesi
del precursore molecolare, allo sviluppo e caratterizzazione chimico-fisica dei materiali
fino al loro uso in applicazioni funzionali nel campo dell’energia e della salvaguardia
ambientale.
In particolare, l’attenzione ha inizialmente riguardato la sintesi e caratterizzazione di
un nuovo precursore di Fe(II) [Fe(hfa)2TMEDA (hfa = 1,1,1,5,5,5-esafluoro-2,4- pentan-
dionato; TMEDA = N,N,N’,N’- tetrametiletilenediammina)], il quale possiede proprieta`
migliorate rispetto ai composti finora utilizzati per applicazioni CVD. L’uso di questo
complesso in esperimenti di CVD termico ha permesso non solo l’ottenimento della fase
termodinamicamente piu` stabile e utilizzata α-Fe2O3, ma delle piu` rare e scarsamente
studiate β- e -Fe2O3, che sono state selettivamente sintetizzate in forma pura e con
nano-organizzazione controllata. Inoltre, Fe(hfa)2TMEDA e` stato usato anche in esper-
imenti PECVD come sorgente sia per Fe che per F, sfruttando la peculiare reattivita` di
plasmi freddi di non equilibrio per l’ottenimento di nanosistemi a base di α- e di β-Fe2O3
drogati con fluoro. Sulla base degli sforzi dedicati alla sintesi di nanomateriali single-phase
con migliorate proprieta` funzionali, la fabbricazione di nanocompositi metallo/ossido
(M/Fe2O3, con M = Pt, Ag, Au) e ossido/ossido (CuO/Fe2O3, Fe3−xTixO4/Fe2O3) e`
stata infine realizzata attraverso la combinazione di processi CVD con sputtering o ALD.
Lo studio delle correlazioni fra le condizioni di processo, le caratteristiche chimico-
fisiche dei nanosistemi e le loro prestazioni funzionali e` stato un aspetto cruciale dell’intera
ricerca nel corso del progetto di Dottorato. A tal riguardo, la caratterizzazione di com-
posizione, morfologia, micro- e nano-struttura e proprieta` ottiche dei materiali, e` stata
eseguita con l’utilizzo di svariate tecniche analitiche complementari tra di loro. Inoltre,
le proprieta` funzionali dei nanosistemi sintetizzati sono state indagate in vista del loro
possibile utilizzo tecnologico in vari settori [magnetismo, batterie al litio, sensori di gas
tossici/infiammabili e applicazioni foto-assistite (idrofilicita` foto-indotta, degradazione fo-
tocatalitica di inquinanti, produzione di H2 per via fotocatalitica e fotoelettrochimica)].
I risultati ottenuti in questa tesi dimostrano come la preparazione di sistemi a base
di ossido di ferro(III), sia puri che multicomponente, con, composizione di fase (α- or
β- or -Fe2O3) e nano-organizzazione controllata, come la fabbricazione di nanomateriali
multi-componenti a base di ossidi di Fe(III), rappresenta una risposta efficace ai problemi
aperti in vari campi tecnologici. In particolare, le strategie da fase vapore adottate aprono
interessanti prospettive per una futura scalabilita` industriale e commercializzazione dei
xmateriali studiati, un punto chiave per il loro sfruttamento in dispositivi avanzati.
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Introduction
It is common sense to take a
method and try it. If it fails, admit
it frankly and try another. But
above all, try something.
Franklin D. Roosevelt
Mankind has trusted in the common rust (Fe2O3) and other iron oxide forms, for cen-
turies, since red and yellow pigments were used for the production of prehistoric paintings,
and the role of such materials has continuously expanded up to the present days.1–3 Be-
yond the practical applications as dyes, their role as precursors of steels and their catalytic
activity in a variety of chemical reactions are just a few examples of the ordinary utilization
of such systems. In fact, iron oxides can occur in a large variety of environments (Figure
1), ranging from the surface of Mars to rocks, soils and corrosion products, encompass-
ing rusting factories and magnetotactic bacteria, up to high-tech recording devices and
modern drug delivery systems.2,4 Abundance combined with facile synthesis, low-cost
and eco-compatibility, accessibility to different polymorphs, and finally, a considerable
variety of properties, make of iron(III) oxide the prototype of an ideal multi-functional
material.3,5–11
To date, four main Fe2O3 crystalline polymorphs have been described, all of which
have significantly different structural and chemico-physical properties: α-Fe2O3, β-Fe2O3,
γ-Fe2O3 and -Fe2O3.
2,4, 5
(a) (b) (c)
Figure 1 – (a) Humans from the upper Paleolithic used iron oxide as a pigment (Altamura,
Northern Spain); (b) iron oxides precipitating from the Rio Tinto water in south west of
Spain; (c) an iron oxide dust storm that swept over Sydney in September 2009 (adapted
from3).
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xxii Introduction
α-Fe2O3 (hematite), the most thermodynamically stable phase widespread in nature,
is the oldest known iron oxide mineral. Hematite has been widely used as heterogeneous
(photo)catalyst, gas sensor and, more recently, as anode material in photoelectrochemical
cells devoted to water splitting for the production of hydrogen, a strategic energy vector
in view of the inevitable depletion of fossil fuels.5,7, 9, 10, 12–19
The metastable β-Fe2O3 (bixbyite), possessing attractive catalytic and optical prop-
erties, is the only Fe(III)−O polymorph presenting a paramagnetic behaviour at room
temperature. Nevertheless, its viable preparation is still an open and challenging issue,
since β-Fe2O3 exists only in a nanostructured form. So far, reports on the technological
applications of β-Fe2O3 are very scarce, and limited to its use in pigments, electrochemical
sensors and magnetic materials.20–24
γ-Fe2O3 (maghemite), an important magnetic material, is the second most common
Fe2O3 polymorph, occurring in soils as a weathering product of magnetite(Fe3O4). Beside
its widespread use in magnetic recording media, ultrafine γ-Fe2O3 particles have also
found application in biomedicine and biotechnology.5,25,26
Similarly to β-Fe2O3, -Fe2O3 (orthorhombic) is a rare and metastable phase existing
only in nano-organized forms. In spite of its low abundance and challenging preparation
as a pure phase, -Fe2O3 is one of the most appealing iron oxide polymorphs for its
possible use in high-coercivity recording media, multiple-state memory devices and in the
telecommunication technology.27–31
The strike-back of iron(III) oxides in the last years has been boosted by the novel
properties that can arise from their advanced fabrication at the nanoscale, with an un-
precedented control over particle size, structure and morphology.3 In fact, nanotech-
nologies have opened new scenarios in the development of various systems (from thin
films to nanorods, nanotubes, nanoplatelets, and so forth), whose unique properties de-
pend on the synergy between a large surface area, high defect content and quantum
confinement of charge carriers.16,17,32–34 The systematic tailoring of these characteris-
tics offers several degrees of freedom for a plethora of Fe2O3 advanced applications, from
biotechnology to magnetic devices, from photocatalysis to gas sensing and novel Li-ion
batteries.3,5, 7, 10, 11,15,18,19
In spite of many efforts from both a fundamental and an applicative point of view,
only a few studies on the obtainment of β- and -Fe2O3 in the form of supported (e.g.
immobilized) nanosystems, as often required by high-tech applications, are available in
the literature up to date.5,24,35,36 As a consequence, a deeper insight into the interplay
between growth conditions and properties not only of α, but also of β and  polymorphs, is
necessary to achieve improved performances, combining the inherent hematite advantages
and enabling, at the same time, to overcome its shortfalls. In particular, an indispensable
condition for the technological utilization of advanced Fe2O3 nanosystems is their selective
fabrication by means of flexible synthetic approaches, enabling the simultaneous control of
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their structure and morphological organization and of the consequent functional proper-
ties.17,37,38 Furthermore, it is worth noticing that the large majority of studies available so
far has been devoted to the use of powdered nanomaterials, that present several disadvan-
tages in practical applications.32 Conversely, the use of supported systems, that represent
the target platforms for direct technological integration, has received a considerably minor
attention and deserves thus further investigation.39–41
In this scenario, the present PhD work aims at the development of supported Fe2O3-
based nanomaterials endowed with controlled phase purity, composition and morpholog-
ical organization, in order to attain an improvement of their functional behaviour for
energy and environmental applications. The target technological utilizations encompass
a variety of fields, ranging from magnetism, to Li-ion batteries with improved stability
and service-life, to solid state gas sensors for the detection of flammable/toxic gases. In
addition, notable efforts have been devoted to investigating the photo-activated material
performances, with particular attention to: a) the decomposition of gaseous, liquid and
solid pollutants; b) the sustainable production of H2 from suitable aqueous solution; c) the
production of smart, self-cleaning and anti-fogging systems, tailoring their light-triggered
properties as a function of the surface nano-texture. In this regard, a remarkable inter-
est has been paid to the modulation of material properties in order to enable the use
of solar light, a largely available and intrinsically renewable source, to promote a) → c)
phenomena.
For the profitable use of iron oxides in the above fields, key issues to be properly
addressed through suitable research actions are:
i) the control of iron(III) oxide phase composition, with particular regard to the nano-
fabrication of the scarcely studied β- and -Fe2O3;
ii) the modification of α- and β-Fe2O3 systems through doping with suitable agents;
iii) the preparation of composites with other metals/oxides functional activators, in-
volving the use of α-, β- and -Fe2O3.
The control and tailoring of pure and doped Fe2O3 nanomaterial characteristics (i-ii),
as well as of synergistic phenomena (iii), require their synthesis and engineering by proper
preparative approaches. As discussed below and in the subsequent thesis chapters, the
present work aims at providing an answer to all of the above questions.
In the current tyde of nanostructured Fe2O3 preparative routes (such as hydrothermal
approaches,42,43 sol-gel,44 spray pyrolysis,45 electrochemical methods,33 . . .), bottom-up
chemical vapor-phase technologies hold an outstanding promise thanks to their inherent
flexibility and the possibility of tailoring the nature of the final product.18,24,46,47 In view
of practical applications, a preferred choice is chemical vapor deposition (CVD), a pro-
cess whereby a solid material is synthesized starting from a molecular gaseous precursor
through a series of chemical reactions. The success of this technique is mainly due to
xxiv Introduction
its numerous degrees of freedom and to the non-equilibrium processing conditions, pro-
viding a controlled growth of nanomaterials with features hardly attainable by means of
conventional methods.17,34 Similar advantages are possessed by atomic layer deposition
(ALD), a gas-phase synthetic route in which two precursors typically react on the growth
surface in a sequential, self-limiting, manner. Thanks to the latter feature, ALD enables
an atomic scale thickness control, as well as an improved conformal coverage even on high
aspect ratio nanostructures.48–51
In the framework of such techniques, plasmas can be been used to promote chemical
reactions [for instance, in plasma enhanced CVD (PECVD)], thanks to the synergistic
combination of homogeneous/heterogeneous processes.52,53 The latter results in unique
materials properties even under non-thermal conditions, enabling the functionalization of
thermally sensitive materials. Interestingly, thanks to the peculiar activation pathways
characterizing PECVD processes, it is possible to grow in-situ doped materials by using
suitable molecular sources or reactive gases.54–56 Beside PECVD, sputtering is another
favorable synthesis technique exploiting the benefits of cold plasmas. In this case, the
source material is exposed to a plasma, whose bombardment causes the ejection of indi-
vidual atoms or small clusters, that subsequently undergo nucleation/growth phenomena
on the substrate surface. Unlike most physical processes, sputtering can be carried out at
low temperatures, and possesses an inherent infiltration power allowing the preparation
of host-guest nanocomposites characterized by a controlled dispersion of guest particles
in/on a porous host matrix.52,57–60
Due to the delicate interplay between precursor chemistry and material properties,
reproducible CVD processes rely on the availability of suitable molecular sources.61–63
Nonetheless, despite many iron compounds have been adopted in CVD applications, the
development of novel iron CVD precursors simultaneously being non-toxic and possessing
an improved volatility, stability to air/moisture and clean decomposition patterns is still
an open challenge.
On this basis, the present PhD project has been developed according to the following
steps (Figure 2):
a) synthesis and characterization of a novel iron oxide CVD precursor;
b) fabrication of single phase α-, β-, -Fe2O3 nanomaterials by thermal CVD;
c) fluorine doping of Fe2O3 nanosystems by a one-pot PECVD strategy;
d) development of metal/Fe2O3 and oxide/Fe2O3 nanocomposites through original hy-
brid techniques based on the combination of CVD with ALD/sputtering processes.
The initial efforts in the present PhD thesis have been dedicated to the preparation
a novel precursor for iron oxide nanosystems, the Fe(II) β-diketonate diamine complex
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Figure 2 – Schematic representation of the materials developed in the present PhD project
and of the related applications.
Fe(hfa)2TMEDA (hfa=1,1,1,5,5,5-hexafluoro-2,4- pentanedionate; TMEDA=N,N,N’,N’-
tetramethylethylenediamine).64,65 The composition and molecular structure of the de-
veloped precursor have been investigated by elemental analysis, nuclear magnetic reso-
nance spectroscopy (NMR), infrared spectroscopy (IR) and single crystal X-ray diffraction
(XRD). In addition, electron impact-mass spectrometry (EI-MS), electrospray ionization-
mass spectrometry (ESI-MS) and thermogravimetry/differential scanning calorimetry (TG
/DSC) were performed in order to study the fragmentation patterns and thermal proper-
ties of Fe(hfa)2TMEDA. Thanks to the complete saturation of the iron(II) coordination
sphere and the high sterical hindrance of the ligands, this complex is a monomer pos-
sessing significantly improved features for CVD applications with respect to all the iron
precursors reported so far.64,65 In fact, the synthesis and CVD use of such compound
have been patented, and the royalties have been sold to Strem Chemicals, Inc., so that
Fe(hfa)2TMEDA is now commercially available (http://www.strem.com/catalog/v/26-
1640/).
A successful tool for the development of the target iron oxide nanomaterials has been
the strong interplay between material synthesis and chemico-physical characterization.
All the obtained systems have in fact been analyzed by complementary advanced tech-
niques in order to achieve a detailed knowledge on their composition [(X-ray photoelectron
spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDXS), secondary ion mass
spectrometry (SIMS), electron energy loss spectroscopy (EELS)], microstructure [(glanc-
ing incidence X-ray diffraction (GIXRD), bidimensional XRD (XRD2), electron diffraction
(ED)] and morphology [field emission-scanning electron microscopy (FE-SEM), transmis-
sion electron microscopy (TEM), atomic force microscopy (AFM)]. The characterization
activities, that have represented a significant part of this work, have provided a direct
feedback to identifying the optimal process parameters for each of the developed systems.
Fe(hfa)2TMEDA has proved to be highly versatile in CVD experiments. In fact, under
optimized conditions, the selective synthesis of three different iron(III) oxide polymorphs,
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α-, β- and -Fe2O3, with a controlled nano-scale assembly has been successfully carried
out.38,39 In particular, β- and -Fe2O3 materials have been specifically tested for use in
magnetic materials,41 Li-ion battery anodes,40 photocatalysts for pollutant degradation,
and hydrogen generation by photoreforming starting from aqueous solutions of renewable
oxygenates (ethanol, glycerol and glucose).39 Remarkably, these scarcely investigated
polymorphs showed an improved reactivity compared not only to the widely used α-
Fe2O3, but also to the state-of-the-art oxide materials. Subsequently, efforts have been
also devoted to the use of Fe(hfa)2TMEDA in PECVD routes. Interestingly, such pro-
cesses resulted in a phase composition dependent on the growth substrate, yielding either
the α or the β polymorph, and in a controllable F doping of iron oxides nanostructures,
thanks to the presence of fluorine in the starting precursor.37,66,67 As a matter of fact,
F introduction in metal oxides, much less explored than cationic doping, can result in
various beneficial effects, such as an enhanced catalytic activity and a higher absorption
coefficient.54,67,68 As a consequence, the prepared systems have been tested in hydrogen
generation by photoreforming and photoelectrochemical water splitting, showing appeal-
ing performances and interesting phenomena associated to F introduction.67,68
In the research devoted to enhance Fe2O3 performances, a remarkable attention has
also been devoted to the preparation of metal/Fe2O3 and oxide/Fe2O3 composite systems,
joining the features of Fe2O3 nanomaterials with novel properties arising from the syner-
gistic interplay between the composite components. In this context, an amenable strategy
to tune the system performances was offered by the functionalization of selected Fe2O3
systems (host) with metal (Pt, Ag, Au) or oxide (CuO) nanoparticles (guest), using an
innovative CVD + sputtering sequential approach.69 In addition, iron oxide functional-
ization by an ultrathin titanium oxide surface layer has been carried out, exploiting ALD
potential in terms of thickness control and conformal coverage. These approaches, never
explored so far for the obtainment of similar systems, are responsible for several beneficial
phenomena associated to an advanced design of composite nanomaterials.70
The present thesis work is structured into five chapters. Whereas Chapter 1 is devoted
to the synthesis and detailed characterization of the newly developed Fe(hfa)2 TMEDA
precursor, Chapter 2 focuses on the thermal CVD of Fe2O3 nanostructures, with partic-
ular regard to the selective obtainment of β- and -Fe2O3 materials with tailored spatial
organization and to the investigation of their functional behaviour as a function of the
preparative conditions. Fluorine doping of Fe2O3 nanomaterials by PECVD is discussed in
Chapter 3, with special emphasis on the properties of the different polymorphs obtained
by changing the adopted substrate and on the impact of F content on photocatalytic
hydrogen generation and photoelectrochemical water splitting. Conversely, Chapter 4
deals with the preparation of Fe2O3-based nanocomposites. In this case, efforts have
been dedicated to the use of selected Fe2O3 matrices (in turn, α-, β-, -) to obtain ei-
ther oxide/oxide or metal/oxide nanocomposites, depositing over iron oxide dispersed
xxvii
nanoparticles or an ultra-thin surface layer of a guest material, specifically designed for
gas sensing and photo-assisted applications. The conclusions and future perspectives of
the present work are presented in the last Chapter.
In addition, Appendix A provides the principles of CVD, PECVD,sputtering processes
and ALD, highlighting also their role in combined hybrid techniques for the growth of
nanostructured composites. Appendix B reports a brief description of the analytical
methods used for precursor and nanodeposit characterization, whereas the basics of the
performed functional tests are presented in Appendix C.
The research work carried out in these years has led to the publication, already oc-
curred or still ongoing, of various scientific papers, to the issuing of national and in-
ternational patents and to several conferences communications, most of which concern
experimental results related to this PhD work. A complete list of these contributions is
presented at the end of the thesis.

Chapter 1
Synthesis and characterization of
Fe(hfa)2TMEDA
The development of an efficient and flexible CVD process is strongly dependent on
the availability of appropriate molecular precursors (see also Appendix A.2) possessing
suitable properties in terms of volatility, thermal stability under vaporization and clean
decomposition/fragmentation patterns.61–63,71,72 As concerns iron(III) oxides, up to date
many iron sources have been already used in such routes, but they all suffer from dif-
ferent drawbacks. For instance, by using FeCl3, HCl is generated as a by-product and
chlorine contamination of the obtained material is often observed.73 On the other hand,
iron nitrate requires very high vaporization temperatures,74 whereas conventional beta-
diketonates have modest volatility and often undergo degradation upon storage and han-
dling.74,75 Ferrocene derivatives and Fe(CO)5 are toxic compounds and may lead to carbon
contamination and scarce uniformity control of the phase composition.75 Furthermore,
iron alkoxides and hydrides are extremely difficult to be handled in the presence of air
and moisture.18
These premises clearly highlight that the synthesis of novel iron precursors represents
a key issue for the CVD of supported iron oxide nanosystems with controlled morphology,
composition and structure. In particular, in view of eventual technological applications,
further desirable characteristics of precursors concern the non-toxicity, ambient stability
and easy manipulation on open benches, as well as the facile synthesis in appreciable
amounts and easy purification. To this regard, many first generation precursors (met-
alorganic compounds or complexes containing organic ligands) have been synthesized and
utilized. Yet, these compounds suffer of important issues, such as low vapour pressure
and premature side degradation, detrimentally affecting the reproducibility of the CVD
process.61,76,77
As a consequence, in the last decade a broad variety of metal oxide nanomaterials have
been developed starting from the so-called second generation CVD precursors.78 These
are stable complexes possessing superior shelf-life and mass transport properties than
1
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conventional compounds, thanks to the full saturation of the metal coordination sphere by
sterically demanding multi-dentate ligands. Such characteristics, that can be tailored by a
proper molecular engineering, enable to avoid detrimental gas-phase reactions, preventing,
at the same time, undesired oligomerization phenomena, that would result in a suppressed
volatility.61,79
In this context, an attractive family of compounds are the β-diketonate-diamine com-
pounds with general formula M(hfa)2TMEDA (hfa = 1,1,1,5,5,5 - hexafluoro - 2,4 - pen-
tanedionate; TMEDA = N,N,N’,N’ - tetramethylethylenediamine), where M is a divalent
first-row transition element (such as Co, Cu, Zn).61,72,80 The metal coordination by
a fluorinated β-diketonate, such as hfa, increases the Lewis acidity of the metal cen-
ter, promoting thus the binding of the ancillary TMEDA ligand and yielding stable and
monomeric M(II) complexes with a MO4N2 pseudo-octahedral core. As a whole, these
molecular features afford an improved volatility and air stability, providing significant ad-
vantages for large-scale CVD applications. In the specific case of Fe(II), only very limited
information on Fe(hfa)2TMEDA synthesis are available in the literature,
81,82 whereas no
reports at all on its chemico-physical properties and reactivity as a molecular source for
iron oxide systems are available.
In this thesis, the attention has been initially devoted to the synthesis and detailed
characterization of Fe(hfa)2TMEDA in view of its use as a CVD/PECVD precursor for
iron(III) oxide nanomaterials.
The compound preparation was carried out by a simple two-stage procedure, involving
the reaction of a Hhfa alkaline aqueous solution with iron(II) chloride and the subsequent
addition of TMEDA (see the following publications for more details).64,65 The developed
synthesis enabled to isolate the dark-violet product in appreciable yields (70%), and the
compound could be easily manipulated in the presence of light and air without any degra-
dation, thanks to the Fe(II) sixfold coordination suppressing any undesired degradation.
The target product was non-hygroscopic and completely solvent-free, despite the synthesis
was carried out in water.
Since the chemistry of molecular precursors directly affects the properties of CVD-
derived materials,77,79 a thorough characterization of Fe(hfa)2TMEDA in terms of struc-
tural properties, thermal behavior and fragmentation pathways was carried out by means
of several complementary techniques.
Single crystal X-ray diffraction analyses evidenced that the compound is a monomer in
the solid state, thanks to the presence of sterically demanding chelating ligands, as already
mentioned. In particular, TMEDA is effective in saturating the iron(II) coordination
environment, avoiding oligomer formation. In addition, no intermolecular H bonds are
present, due to water absence and thanks to the fluorinated ligands. The monomeric
nature of the complex in solution was evidenced by the paramagnetic characteristics of
1H, 13C and 19F NMR spectra.
3Fe 
O 
N 
C 
F 
H 
Figure 1.1 – Molecular structure of the Fe(hfa)2TMEDA complex.
Thermal analyses revealed a single-step powder vaporization with a constant weight
loss (50℃ < T < 100℃) and a residual weight close to zero (T > 190℃), both under
inert atmosphere and in the presence of air. In addition, two endothermic peaks at 82.6
and 185.0℃ were observed in DSC traces and attributed to Fe(hfa)2TMEDA melting
and vaporization, respectively. The occurrence of a pure vaporization without premature
decompositions is a key feature for CVD applications, and compares favourably with the
thermal behaviour of commonly adopted CVD iron precursors.75,83
The fragmentation pathways of Fe(hfa)2TMEDA were investigated by the comple-
mentary use of electron impact (EI) and electrospray ionization (ESI)-mass spectrometry
(MS). Beside supporting the monomeric nature of Fe(hfa)2TMEDA, the obtained data
evidenced an initial complex fragmentation through the detachment of TMEDA and hfa
moieties. Remarkably, the sequential loss of CF2/CF3/F species from hfa-related frag-
ments took place, resulting in the formation of stable radicals under EI-MS conditions.
The generation of fluorinated species under electron bombardment can play a crucial role
in plasma assisted processes (PECVD), since they can promote the in-situ F doping of
iron oxides (see Chapter 3 for a detailed discussion).54
In conclusion, the complete vaporization free from undesired side decompositions,
along with the clean fragmentation pathway, make Fe(hfa)2TMEDA an ideal CVD pre-
cursor, with improved performances with respect to the current state-of-the-art. A more
detailed discussion on Fe(hfa)2TMEDA synthesis and characterization is reported in the
following publications64,65 (reprinted with the permission of The Royal Society of Chem-
istry and of Elsevier, respectively).
Basing on its very favorable properties, Fe(hfa)2TMEDA has been widely exploited
in this PhD thesis for both CVD (Chapter 2) and PECVD (Chapter 3) experiments,
highlighting the possibility of obtaining pure, homogeneous and single-phase Fe2O3 nan-
odeposits, as demonstrated by the various publications produced during this PhD work.
Notably, the high applicative potential of this compound as CVD precursor has prompted
4 Synthesis and characterization of Fe(hfa)2TMEDA
to issue an Italian (PD2011A000285) and a PCT (PCT/IT2012/000276) patent, resulting
ultimately in an agreement for its commercialization with STREM CHEMICALS (Prod-
uct Catalogue 26-1640, http://www.strem.com/catalog/v/26-1640/iron73450-43-8).
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Iron oxide is a key multi-functional material in many different fields of modern technology. The
b-Fe2O3 cubic phase, one of the least studied Fe–O systems, was obtained by Chemical Vapor
Deposition (CVD) using for the first time a Fe(II) b-diketonate diamine complex, Fe(hfa)2·TMEDA, as
the molecular source (hfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate; TMEDA =
N,N,N¢,N¢-tetramethylethylenediamine). The strong visible light absorption of b-Fe2O3 deposits
highlights their possible functional application in photocatalytic hydrogen production under solar light.
A comprehensive investigation on the Fe(II) complex, performed by a joint experimental–theoretical
approach, explains the molecular origin of its excellent thermal behaviour and reveals why this species
is a successful precursor for the CVD of iron oxide nanostructures.
Introduction
Nanomaterials based on iron oxides are of relevance for a
plethora of technological utilizations,1 including magnetism,2–7
catalysis,8–10 solid state gas sensors11,12 and photo-induced water
splitting for H2 production.13–15 A versatile route to manufacture
supported nanosystems with tailored functional properties for
advanced devices is Chemical Vapor Deposition (CVD), provided
that suitable molecular precursors are available.1,16–18 Although
many iron sources have been tested for the CVD growth of iron
oxides,1–4,8,9,11,12,14,15,18–22 they all suffer from various drawbacks. As
an example, in the case of FeCl3, HCl is generated as a byproduct9
and chlorine contamination of the resulting films frequently
occurs. On the other hand, iron nitrate requires very high vapor-
ization temperatures,3 whereas conventional b-diketonates have
modest volatility and easily undergo degradation upon storage
and handling.1,2,12,19 Ferrocene derivatives and Fe(CO)5 are toxic
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† Electronic supplementary information (ESI) available: NMR characteri-
zation, computational results and thermal analyses for Fe(hfa)2·TMEDA.
SIMS characterization of b-Fe2O3 and X-ray crystallographic data
of Fe(hfa)2·TMEDA. CCDC reference number 828378. For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/c1dt11342a
compounds and may lead to carbon contamination and scarce
uniformity control of the phase composition.1,12,15 In addition,
iron alkoxides and hydrides are extremely difficult to handle in the
presence of air andmoisture. Such a scenario clearly evidences how
the development of novel iron CVD precursors is a strategic issue
for themanufacturing ofmulti-functional iron oxide nanosystems.
Herein, we present an optimal precursor for iron oxide nanosys-
tems: the Fe(II) b-diketonate diamine complex Fe(hfa)2·TMEDA
(Fig. 1). We will discuss why this molecular compound is free from
the disadvantages of standard Fe precursors, and present its first
Fig. 1 Molecular structure of the Fe(hfa)2·TMEDA complex.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 149–155 | 149
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6 Synthesis and characterization of Fe(hfa)2TMEDA
successful CVD application yielding the b-Fe2O3 cubic phase, one
of the least investigated Fe–O systems.5,23
The interest in this compound stems from our recent identifi-
cation of first-row divalent transition metal diketonate adducts
M(hfa)2·TMEDA (M = Co,24 Cu,25 Zn,20,26) as excellent CVD
sources for the corresponding metal oxides. In those cases, the
coordination with hfa increased the Lewis acidity of the metal
center,20,24,25,27 enabling thus the binding of the ancillary TMEDA
ligand and yielding stable six-coordinated M(II) complexes. For
M = Fe, to the best of our knowledge, only one work on
Fe(hfa)2·TMEDA synthesis is available,28 whereas no reports
have ever been published on its chemico–physical properties and
reactivity as a molecular source for iron oxide nanosystems.
Since the chemistry of the molecular precursors used directly
affects the properties of CVD-derived materials,1,16,29,30 a thorough
characterization of Fe(hfa)2·TMEDA in terms of spectroscopic
properties, thermal behaviour and fragmentation pathways was
performed by a joint experimental–theoretical approach. The re-
sults reveal how the ligands in the Fe(II) coordination environment
manage to yield a stable monomeric adduct with favourable mass
transport properties and clean dissociation. A monoclinic form
of the target complex is presented and its structural and optical
features are discussed in relation to a previously reported form.31
Finally, the structure, morphology and optical properties of b-
Fe2O3 nanostructures grown on SiO2 are discussed. Since most
of the previous CVD experiments led to the thermodynamically
more stable a-Fe2O3 (hematite),1,2,12,14 the synthesis of the pure
b polymorph is a major result of this study. Indeed, such a
phase exhibits interesting optical properties and its investigation
certainly deserves further efforts in view of potential applications.
Experimental and computational procedures
General comments
The complex melting point (m.p.) was measured in air by a Kofler
microscope at atmospheric pressure. Elemental analyses were
carried out by a Fisons Carlo Erba EA1108 apparatus (CHNS
version). Crystallographic data were collected on a crystal having
the dimensions of 0.17 ¥ 0.16 ¥ 0.07 mm3 by means of a Xcalibur
2 Oxford instrument using graphite monochromated Mo Ka
radiation (l = 0.71073 A˚), at temperatures of 104 and 173 K. The
structure was solved using the SHELXL-97RR© software package
and refined by full matrix least-squares methods based on F 2 with
all observed reflections. A Cary 5000 spectrophotometer (Varian)
was used for UV-Vis-NIR analyses (spectral bandwidth = 1 nm).
Measurements were carried out on ethanol solutions using quartz
cuvettes (optical path = 0.5 cm).
Hybrid Density Functional Theory (DFT) calculations on
Fe(hfa)2·TMEDA were performed with Gaussian 09 (G09).32
Optimized geometries were calculated with an ECP10-MDF
pseudopotential,33 the aug-cc-pVDZ-PP basis for Fe,34 and
D95+*35 basis sets for the ligand atoms. Calculated minima
had positive frequencies. Different DFT approximations were
tested, providing similar optimized structures of the complex,
for which a quintet spin state is predicted (see ESI† Table
S1). Time-Dependent Density Functional Theory (TD-DFT)
electronic excitations were calculated with the PBE0 functional
on the PBE036 optimized structure. The 50 lowest excitations were
considered (i.e., up to 206 nm). D95++* basis sets were adopted
for ligands’ atoms. The binding energies of TMEDA and hfa
in Fe(hfa)2·TMEDA were calculated at the PBE0/D95+* level
and counterpoise corrected from basis set superposition errors.
Structural relaxation of the fragments was taken into account.
ThermoGravimetric and Differential Scanning Calorimetry
(TGA and DSC) analyses were performed at ambient pressure
both under N2 and synthetic air (sample weight ª 7 mg; heating
rate= 10 ◦Cmin-1) using anSDT2960 apparatus (TA instruments).
Isothermal investigations were carried out in air.
Electrospray Ionization Mass Spectrometry (ESI-MS) was
performed in negative ion mode using a LCQ Deca ion trap
instrument (ThermoFisher). The entrance capillary temperature
and voltage were 473 K and ±4 kV, respectively. 10-6 M solutions
of the target compound in methanol, acetonitrile and chloroform
were introduced by direct infusion using a syringe pump (flow
rate = 10 mL min-1. MS/MS experiments were performed by
applying a supplementary Radio Frequency (RF) voltage to the
end caps of the ion trap (5 V peak-to-peak).
Fe(hfa)2·TMEDA synthesis
The synthesis of Fe(hfa)2·TMEDA was performed by a two-stage
procedure.37 To an aqueous solution of NaOH (0.93 g, 23.5 mmol,
in 10 mL of deionised H2O), maintained under vigorous stirring,
were added dropwise 3.3 ml of Hhfa (Alfa Aesar R©, 98+%; d =
1.47 g mL-1, 23.3 mmol). A solution of FeCl2 (AldrichR©, 98%;
1.49 g, 11.73 mmol, in 50 ml of deionized H2O) was dropped into
the previous one, resulting in a color change from dark yellow
to maroon. After reaction, 1.8 mL of TMEDA (JanssenR©, 99%;
d = 0.77 g mL-1; 12.59 mmol) were slowly added to the solution,
that turned to a darker maroon color. After stirring, extraction of
the complex into CHCl3 and concentration by mild heating were
performed. Finally, solvent evaporation under reduced pressure
yielded a dark maroon solid (m.p. = 82 ◦C at 1 atm; yield of
the overall synthesis = 70%). Crystals for X-ray analysis were
obtained by re-dissolution into chloroform, followed by solvent
evaporation. The compound was soluble in various solvents, such
as dichloromethane, 1,2-dichloroethane, acetone and alcohols.
Elemental analysis: Calc. for C16H18O4N2F12Fe: C, 32.79%; H,
3.09%; N, 4.78%; Found: C, 32.86%; H, 3.24%; N, 4.72%.
NMR (acetone-d6, see ESI†): 1H (no = 200.13 MHz), d 120.8
and 47.7 (6H each, TMEDA CH3 protons), 79.5 and 32.6 (2H
each, TMEDA CH2 protons) and -5.9 (2H, hfa CH protons); 19F
(no = 188.31 MHz), d -57.9 and -80.64.
CVD of Fe2O3 nanomaterials and related characterization
A cold-wall horizontal CVD apparatus38 equipped with an
external precursor reservoir was used for the deposition of iron
oxide systems, using Fe(hfa)2·TMEDA as the molecular source.
The precursor was vaporised at 60 ◦C and transported towards
the growth region by means of an O2 flow [purity = 6.0; total
flow rate = 40 standard cubic centimetres per minute (sccm)].
Depositions were carried out for 1 h at 500 ◦C at a total pressure
of 3 mbar on Herasil silica (Heraeus R©) substrates (dimensions =
10 ¥ 10 ¥ 2 mm3), subjected to a pre-cleaning procedure in order
to remove surface contamination. Gas lines and valves between
the vaporizer and the reaction chamber were heated at 120 ◦C to
150 | Dalton Trans., 2012, 41, 149–155 This journal is © The Royal Society of Chemistry 2012
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7prevent detrimental condensation phenomena. At the end of each
growth process, samples were cooled to room temperature under
flowing O2.
X-ray Diffraction (XRD) analyses were performed by a Bruker
D8Advance diffractometerwithCuKa radiation (l = 1.5418 A˚) in
the Bragg–Brentano geometry. The average crystallite dimensions
were estimated by means of the Scherrer equation.
Amultimode scanning probemicroscope fromNT-MDT (SPM
Solver P47H-PRO)was used forAtomicForceMicroscopy (AFM)
investigation, operating in tapping mode in air. After background
subtraction, Root Mean Square (RMS) roughness values were
obtained.
Secondary Ion Mass Spectrometry (SIMS) measurements were
carried out by means of a Cameca IMS 4f instrument, using a Cs+
primary beam (14.5 keV, 15 nA, stability 0.2%) and by negative
secondary ion detection. Signals were collected by rastering over
a 150 ¥ 150 mm2 area, detecting secondary ions from a sub-region
close to 10 ¥ 10 mm2 to avoid crater effects. The erosion rate
dependence was evaluated bymeasuring the depth of the sputtered
crater through a Tencor Alpha Step profiler.
Optical absorption spectra were recorded in transmittance
mode at normal incidence on a Cary 5E (Varian) UV-Vis-NIR
spectrophotometer, subtracting the silica substrate contribution.
Results and discussion
Fe(hfa)2·TMEDA: synthesis and characterization
In the present work the target complexwas obtained in an aqueous
mixture in appreciable yields (70%) by a convenient process
(Scheme 1), suitable for scale-up applications. The resulting dark-
violet solid could be easilymanipulated in the presence of light and
air without any degradation. The system stability was related to
the Fe(II) six-coordinated nature, restricting detrimental oxidation
and/or oligomerizationprocesses.28 Theabove features, alongwith
the high volatility and lowmelting point of the adduct (82 ◦C), are
very favorable in view of its eventual CVD use.
Scheme 1
Themolecular structure was determined by a joint experimental
and theoretical approach based on single crystal X-ray diffraction
(Fig. 1) and hybrid DFT calculations. Relevant crystallographic
details are summarized in Table 1, representative bond lengths
and angles are listed in Table 2, whereas geometrical parameters
of the DFT-calculated minimum energy structures are collected in
Table S1 (see ESI†). The compound was found to be a monomer
both in the solid state and in solution (see ESI† for NMR data),
as expected due to the sterically demanding chelating ligands.
Since both the parent Fe(hfa)2 and Pb–Fe heterometallic hfa
adducts possess a polynuclear structure,27,39,40 it can be inferred
Table 1 Crystallographic data for the complex Fe(hfa)2·TMEDA col-
lected at T = 104 K
Chemical formula C16H18O4N2F12Fe
Molecular weight 586.17
Crystal system Monoclinic
Space group P21/n
a (A˚) 13.2238(5)
b (A˚) 10.4030(3)
c (A˚) 17.1899(6)
b (deg) 107.653(4)
V (A˚3) 2253.41(13)
Z 4
DC (g cm-3) 1.728
m (mm-1) 0.794
q range for data collection (deg) 3.04–25.25
Reflections collected/unique 21769/4081 [R(int) = 0.0257]
data/params 4081/320
final R indices [I > 2s(I)] R1 = 0.0260, wR2 = 0.0627
R indices (all data) R1 = 0.0311, wR2 = 0.0658
goodness-of-fit on F 2 1.053
Table 2 Selected bond lengths (A˚) and angles (deg) for Fe(hfa)2·TMEDA
Fe(1)–O(21) 2.064 O(21)–Fe(1)–O(25) 84.9
Fe(1)–O(25) 2.100 O(11)–Fe(1)–O(15) 84.7
Fe(1)–O(11) 2.100 N(31)–Fe(1)–N(34) 82.7
Fe(1)–O(15) 2.065 O(21)–Fe(1)–O(15) 176.2
Fe(1)–N(31) 2.223 O(25)–Fe(1)–N(34) 175.3
Fe(1)–N(34) 2.211 O(11)–Fe(1)–N(31) 174.1
N(31)–C(32) 1.484 Fe(1)–O(21)–C(22) 127.3
N(34)–C(33) 1.486 Fe(1)–O(25)–C(24) 124.9
O(21)–C(22) 1.258 Fe(1)–O(11)–C(12) 124.5
O(25)–C(24) 1.249 Fe(1)–O(15)–C(14) 126.7
O(11)–C(12) 1.253 Fe(1)–N(31)–C(32) 104.7
O(15)–C(14) 1.258 Fe(1)–N(34)–C(33) 104.7
that the use of TMEDA is effective in saturating the iron(II)
coordination environment, thus avoiding oligomer formation. In
addition, the absence of intermolecular H bonds20 deduced from
the crystal structure is favourable for Fe(hfa)2·TMEDA mass
transport properties (see thermoanalytical results below).
The iron(II) coordination geometry is a distorted octahedron,
with the two hfa ligands in a cis configuration. The O–C lengths,
all close to 1.25 A˚, suggest double-bond character (typical O–C
single bond lengths ª 1.40 A˚), similarly to Fe(hfa)3,41 Fe(acac)3
(acac = 2,4-pentanedionate) and its derivatives.42–44
The Fe–O bond lengths (see Table 2) are greater than
those reported for homoleptic iron(II) and iron(III) b-diketonates
Fe(hfa)2,39 Fe(hfa)3,41 Fe(thd)3 (thd = 2,2,6,6-tetramethyl-3,5-
heptanedionate),45 Fe(acac)3 and derivatives,42–44,46–48 even though
they are very close to the corresponding distances in [Fe(hfa)3]-
[mean d(Fe–O) = 2.076 A˚]49 and Fe(hfa)2·L2 compounds [L =
1,2-diaminobenzene, tetrahydrofuran; mean d(Fe–O) = 2.05],50,51
as well as in heterometallic Fe-hfa derivatives [mean d(Fe–O) =
2.09 A˚].27,40 TheFe–O bonds trans to the nitrogen atoms [Fe–O(25)
and Fe–O(11), d = 2.100 A˚] are slightly longer than the other
ones [Fe–O(21) and Fe–O(15), average d = 2.064 A˚]. A similar
trans effect is in line with previous findings on M(hfa)2·TMEDA
compounds (M = Mg,52 Co,24 Zn20). The iron–nitrogen distances
are similar to those for bis(1,2-diaminobenzene)bis(hfa)iron(II),50
but shorter than in FeCl2·(TMEDA)2 (average d = 2.377 A˚)53 due
to the hfa electron withdrawing effect on Fe(II),27 increasing, in
turn, Fe–N bond strengths.20,24
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 149–155 | 151
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8 Synthesis and characterization of Fe(hfa)2TMEDA
The bite angles subtended by the b-diketonate ligands on the
Fe(II) center (84.9◦ and 84.7◦), along with the N–Fe–N and O–
Fe–N bond angles, confirm the octahedron distortion.
It is worth noting that the only previous synthesis of
Fe(hfa)2·TMEDA,28,31 though reporting on a monoclinic phase,
led to an adduct of space group C2/c, at variance with the
present work (see Table 1). Since the structural data of the present
complex were confirmed at the same temperature adopted by
Dickman,31 it was concluded that another structural modification
for Fe(hfa)2·TMEDA was synthesized by the present procedure.
As a matter of fact, the differences in the angles centred on the
Fe(II) ions suggest a different molecular packing for the two forms.
Tounderstand theUV-Vis absorptionproperties of the complex,
its electronic structure was investigated by hybrid-DFT (see
ESI† Figs. S5–S7). According to the calculated quintet–triplet
and quintet–singlet energy differences, 25.6 and 23.6 kcal mol-1,
respectively, the complex is predicted to be in the quintet spin state.
In such a state, both the a- and b-spin HOMO correspond to Fe
d orbitals, while the quasi-degenerate LUMO and LUMO+1 have
a p* character and are mainly localized on the O atoms of the hfa
ligands.
The complex electronic spectra are reported in Fig. 2, while
further details on the transitions can be found in Table S2 (see
ESI†). TD-DFT results reveal that the lowest energy excitations
in the Vis range are the b-spin HOMO → LUMO and HOMO →
LUMO+1 transitions, with metal-to-ligand charge transfer char-
acter (MLCT), whereas higher energy excitations mainly involve
MOs localized on the diketonate ligands. The Vis absorption at
535 nm, responsible for the dark maroon color of the complex, is
therefore a d–p*MLCT, whereas the weak feature at 480 nm refers
Fig. 2 Experimental (red line) and calculated (blue line) UV-Vis optical
spectra ofFe(hfa)2·TMEDA.Vertical lines: TD-DFTelectronic excitations
(the intensities are proportional to oscillator strengths). The calculated
spectrumwas obtained by smoothing the TD-DFT excitations with a 2 nm
Gaussian broadening. Assignment of the relevant excitations is reported
in bold. The complex b-spin MOs involved in the HOMO → LUMO and
HOMO-1 → LUMO+1 transitions, which mostly contribute to the l =
535 nm and l = 301 nm bands, respectively, are also represented. Atom
color codes: Fe: violet; O: red; F: green; C: grey; N: blue; H: white.
to intra-ligand transitions and the strong UV band at 300 nm is
due to hfa p–p* excitations.
In addition, computational results provide valuable insight on
the metal–ligand bonding scheme and stability of this complex. In
particular, we tried to gather hints on the possible fragmentation
pathways by determining which is the less tightly bound ligand,
TMEDAor hfa. Such a speciesmight correspond to the first ligand
loss in the precursor decomposition, a key step in the molecule-
to-nanosystem conversion process. Specifically, we calculated the
binding energy of the diketonate and of the diamine ligands in the
complex by determining the energy differences between “reactant”
and “products” for decomposition pathways (1) and (2):
Fe(hfa)2·TMEDA → Fe(hfa)2 + TMEDA (1)
Fe(hfa)2·TMEDA → Fe(hfa)·TMEDA+ + hfa- (2)
In both cases, the first ligand loss leaves the metal center in a
tetrahedral coordination, as shown in Fig. S8 (see ESI†). However,
since the TMEDA binding energy is significantly lower than that
of hfa (28.2 vs. 115.0 kcal ¥ mol-1, respectively), we can conclude
that the thermodynamically favoured decomposition is indeed the
loss of TMEDA. This process can easily occur when the precursor
is in contact with the substrate under CVD conditions, since high
temperatures and interactions with the surface may promote high-
energy molecular activations.29
The thermal behaviour of the complex was analyzed in detail
and comparable results were obtained under oxidizing (synthetic
air) or inert (N2) atmospheres. Fig. 3 reports the TGA/DSC
data for Fe(hfa)2·TMEDA in air. For temperatures higher than
110 ◦C a considerable weight loss, indicating a single-step powder
vaporization, took place. The quantitative sublimation of the
target adduct was confirmed by the residual weight close to
zero for T > 190 ◦C, a feature extremely favourable when
compared to commonly adopted Fe precursors. In fact, for iron(II)
and iron(III) acetylacetonates and alkoxides, respectively, residual
weights of 20 and 70%, along with multi-stage decompositions,
were reported.1,54,55 DSCanalysis (Fig. 3) enabled us to identify two
endothermic peaks at 82.6 and 185.0 ◦C, due to Fe(hfa)2·TMEDA
melting and vaporization, respectively. It is also worth noting that
isothermal analyses between 50 and 100 ◦C revealed a constant
Fig. 3 TGA ( ) and DSC (- - -) profiles of Fe(hfa)2·TMEDA recorded
in air.
152 | Dalton Trans., 2012, 41, 149–155 This journal is © The Royal Society of Chemistry 2012
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9weight loss even for long periods of time (see ESI† Fig. S9). This
result, confirming the occurrence of a pure vaporization without
premature decompositions, is of crucial importance for achieving
a uniform precursor mass transport in CVD processes.
The fragmentation pathways of the complex were investigated
by means of ESI-MS, a soft ionization technique yielding im-
portant information on the complex reactivity. First we point
out that no polynuclear species were detected, and that no redox
processes tookplace inside theESI source, at variancewith the case
of Co(hfa)2·TMEDA.24 In acetonitrile and chloroform solutions
of Fe(hfa)2·TMEDA, only the signal at m/z 207, corresponding
to hfa-, was detected. The negative ion ESI mass spectrum of a
methanolic solution ofFe(hfa)2·TMEDA(Fig. 4a) is characterized
by the presence of the ions atm/z 677, corresponding to Fe(hfa)3-,
and at m/z 207, due to hfa-. The fragmentation of ions at m/z
677 (Fig. 4b) led to the formation of hfa- only. These findings
corroborate the theoretical prediction that the first decomposition
step should be the loss of the TMEDA ligand.
Fig. 4 (a) Negative ion mode ESI-MS spectrum of Fe(hfa)2·TMEDA
methanolic solution and (b) MS/MS spectrum of the ion at m/z 677.
Thermal CVD of Fe2O3 nanostructures
The suitability of Fe(hfa)2·TMEDA as CVD precursor was tested
by carrying out preliminary growth processes on SiO2 substrates.
Even at the relatively low vaporization temperature herein used,
uniform dark-red deposits were obtained. Specimens were well
adherent to the substrate, as confirmed by the scotch tape test.
The system crystallinity was investigated by XRD (Fig. 5), that
indicated the formation of single-phase crystalline systems. The
sample presented reflections located at 2q = 23.2◦, 33.0◦, 38.4◦,
40.8◦ and 42.9◦ that could be assigned to cubic b-Fe2O3 (mean
crystallite size = 35 nm).56 This phase (see Fig. 5, inset) has a
body-centered cubic structure (bixbyite; prototype: Mn2O3),4,5,19
with a space group Ia3 and a lattice parameter ao = 9.404 A˚. The
cubic unit contains 24 Fe(III) ions with C2 symmetry and 8 Fe(III)
ions with C3i symmetry.57 The selective formation of b-Fe2O3
Fig. 5 XRD pattern of an iron oxide deposit on SiO2 obtained from
Fe(hfa)2·TMEDA at 500 ◦C. The bars represent the relative intensities
of the b-Fe2O3 powder spectrum. Inset: representation of the b-Fe2O3
structure.56 Color codes: Fe = red; O = blue.
is of considerable importance, since, at variance with hematite
(a-Fe2O3), it is scarcely investigated.5,23 A comparison of the
relative XRD peak intensities with those of the reference powder
spectrum (Fig. 5) indicated a preferential (100) orientation, never
reported to date for this iron oxide polymorph. In fact, polycrys-
talline b-Fe2O3 films were obtained by CVD from Fe(acac)3 in the
range 200–400 ◦C on F-doped SnO2,19 and at 500 ◦C on MgO and
SrTiO3 single crystals.58 In the latter case, an increase of the O2
flow resulted in a change of the deposit phase composition from
Fe3O4 to b-Fe2O3. A similar trend was also reported in the plasma-
CVD of iron oxides from Fe(acac)3 at deposition temperatures £
300 ◦C. Conversely, for T ≥ 400 ◦C a transition from Fe3O4 to
a-Fe2O3 took place.59 a-Fe2O3 nanosystems were also deposited
on Si(100) at 550 ◦C, starting from Fe(acac)3,2 and on Si(111) at
600 ◦C, from Fe(acac)2.22
The system surface morphology, analyzed by AFM (Fig. 6),
was characterised by the presence of pyramidal aggregates with
average lateral dimensions of about 100 nm.A similarmorphology
was reported by Cha et al. for CVD of a-Fe2O3 on Si(100) from
Fe(acac)2.22 The surface RMS roughness was estimated to be
20 nm, suggesting the occurrence of a remarkable active area.
The in-depth composition was investigated by SIMS (see ESI†,
Fig. S10). As can be observed from the depth profile, the analyzed
deposits presented a homogeneous composition and the parallel
trend of Fe andO ionic yields indicated a common chemical origin
for these elements. The overall C content was lower than 50 ppm,
pointing out to a clean precursor conversion into Fe2O3 under
the adopted CVD process conditions. A sharp and well defined
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 149–155 | 153
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10 Synthesis and characterization of Fe(hfa)2TMEDA
Fig. 6 Representative AFMmicrograph of a b-Fe2O3 specimen grown on
SiO2 at 500
◦C.
interface with the Si substrate was shown by all the elements.
The overall nanodeposit thickness, estimated taking into account
both the surface roughness and the instrumental artifacts, was
600 ± 20 nm.
Finally, attention was devoted to the optical properties of b-
Fe2O3. Fig. 7 displays the optical spectrum of a representative
Fig. 7 Optical spectrum of a b-Fe2O3 nanodeposit grown on SiO2 at
500 ◦C. Inset: Tauc plot of (ahn)1/2 vs. hn for the same specimen.
deposit in the wavelength range 400–2000 nm, where the used SiO2
substrate is highly transparent and does not appreciably affect the
system absorption. The present spectral shape agrees to a good
extent with those previously reported for b-iron(III) oxide.7,19 As it
can be observed, the system is almost transparent in the IR range,
a phenomenon that could be due to the deposit thickness (600 nm,
see above) being lower than the IRwavelengths. The weak features
located at 1670, 1030 and 750 nm correspond to interference
fringes, whereas the significant absorption for l< 700 nm could be
associated to band-to-band transitions. The estimation of optical
band gap of b-Fe2O3 was performed by evaluating the absorption
coefficient a as a function of photon energy hn. For the present
system, in the Tauc plot [(ahn)n vs. hn, Fig. 7, inset], the best fit
was achieved by adopting a value of n = 1/2, corresponding to
indirect allowed transitions.
The extrapolation of the experimental curve to ahn = 0 enabled
to estimate an energy gap EG = 1.7 eV. This value, in good agree-
ment with previous reports for b-Fe2O3,4,19,21 is lower than the one
for a-Fe2O3 (EG ª 2.2 eV).2,12,14,15,18 On the basis of this result, we
suggest the use of b-Fe2O3 nanomaterials in applications requiring
a strong Vis light absorption, such as photoelectrochemistry and
photocatalysis for hydrogen production.
Conclusions
An iron source for the CVD growth of Fe oxide nanostructures,
the diketonate-diamine complex Fe(hfa)2·TMEDA, has been
synthesized and successfully tested in the deposition of Fe2O3.
The comprehensive characterization of the precursor structural,
electronic, thermal and fragmentation properties by an integrated
experimental and theoretical approach provided a molecular-
level understanding of the suitability of this compound for
CVD applications. The complex, that can be easily synthesized
in water, is monomeric and presents a full saturation of the
Fe(II) coordination sphere by the O,N ligand atoms, resulting
in a distorted octahedral geometry. As a result, it possesses a
remarkably higher stability to air and moisture than conventional
Fe precursors. Its complete vaporization free from undesired side
decompositions, along with the clean fragmentation pathway,
make it an ideal precursor for Fe2O3 nanostructures. Indeed, CVD
growth experiments from Fe(hfa)2·TMEDA led to the b-Fe2O3
phase with high purity and controlled morphology. The strong
Vis absorption paves the way to eventual functional applications
in photocatalytic and photoelectrochemical processes activated
by sunlight for both pollutant degradation and H2 production.
Future efforts will be concentrated in this direction.
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NMR analysis of Fe(hfa)2•TMEDA  
NMR spectra were recorded at 25 °C on acetone-d6 or CDCl3 solutions using a Bruker DMX-400 
spectrometer (9.4 T magnet) equipped with a quadrinuclear QNP-400 5 mm probe operating at 
400.13 MHz on 1H and at 100.61 MHz on 13C, as well as on a Bruker DMX-200 spectrometer 
(4.7 T magnet) equipped with a quadrinuclear QNP-200 5 mm probe operating at 200.13 MHz 
on 1H and 188.31 MHz on 19F. Chemical shift values () are referenced to Me4Si for 1H and 13C 
nuclei, and to CFCl3 for 19F.  
NMR (CDCl3): 1H,  121.1 and 47.8 (6H each, TMEDA CH3 protons), 80.2 and 47.7 (2H each, 
TMEDA CH2 protons), -5.9 (2H, hfa CH protons); 19F, -56.2 and -79.1 (v½ ≈ 800 Hz); 13C,  
1480, 611, 115 and -835. 
 
The monomer nature of Fe(hfa)2•TMEDA in solution is confirmed by the paramagnetic 
characteristics of its 1H, 13C and 19F NMR spectra (Figs. S1-S4). In fact, the interaction between 
the nuclear and electronic spin moments induces a dramatic line broadening, as well as an 
extreme chemical shift value spreading with respect to that usually observed for diamagnetic 
systems. In agreement with the X-ray structural determination, two moderately broad resonances 
were observed in CDCl3 for the 19F nuclei at  -56.2 (v½ ≈ 800 Hz) and  -74.5 (v½ ≈ 800 Hz) 
(Figure S1). 
Similarly, in the 1H spectrum recorded in acetone-d6 (see Fig. S3) well distinct broad resonances 
were located at  79.6 (v½ ≈ 1300 Hz) and  32.6 (v½ ≈ 1600 Hz) for the methylene protons 
and at  120.8 (v½ ≈ 1600 Hz) and  47.8 (v½ ≈ 1400 Hz) for the methyl protons of TMEDA. 
In contrast, the CH protons belonging to the two hfa moieties resonated isochronously at  -5.93 
and exhibited a much lower line broadening (v½ ≈ 120 Hz). The isochronicity could be due to 
the position of these nuclei in a very internal part of the molecular structure where an increased 
local higher symmetry is possible, and the reduced effect of the paramagnetism on the line width 
could be ascribable to the higher distance of these protons from the metal center. Very similar 1H 
chemical shift values and line broadening were observed in CDCl3 (Fig. S4). 
The paramagnetic effects on the 13C NMR properties were even more prominent, and the 
observed resonances spread over a 3000 ppm range. The spectrometer hardware enabled to 
record spectra with a maximum sweep width of ≈ 75 kHz, so that spectra were acquired as 
contiguous and slightly overlapping ends 740 ppm windows. Very broad signals at  1480 (v½ ≈ 
24 kHz), 611 (v½ ≈ 33 kHz), 115 (v½ ≈ 2.4 kHz) and -835 (v½ ≈ 27 kHz) were obtained. A 
computer reconstruction of the whole spectrum is provided in Fig. S2. The resonance at  115 
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could be reasonably attributed to the hfa CH carbons on the basis of its reduced broadening, 
similarly to the corresponding 1H signal (see above). 
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Figure S1. 19F NMR (a) and 1H NMR (b) spectrum of Fe(hfa)2•TMEDA in CDCl3 (25 °C). 
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Figure S2. 13C-NMR spectrum of Fe(hfa)2•TMEDA in CDCl3 (100.6 MHz, 25 °C). The variuos 
acquisition windows are indicated by different colors. The signal intensity in the -500 ÷ -1240 
range is magnified by a 20× factor for sake of clarity. The signal at  77.0 is that of 13CDCl3. 
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Figure S3. 1H-NMR spectrum of Fe(hfa)2•TMEDA in acetone-d6, with integrals (25 °C). 
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Figure S4. 1H-NMR spectrum of Fe(hfa)2•TMEDA in CDCl3, with integrals (25 °C). 
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The minimum energy structure of the complex 
To determine the spin state of the complex, three geometry optimizations have been performed 
with the PBE0 functional and the D95+* basis set on Fe(hfa)2•TMEDA with Fe in the quintet, 
triplet and singlet state. The quintet was predicted to be the most stable spin state for the 
complex, with the quintet-triplet and quintet-singlet energy differences amounting to 25.6 and 
23.6 kcal×mol-1, respectively. On the basis of this result, further calculations on 
Fe(hfa)2•TMEDA were carried out by considering the quintet spin state. The minimum energy 
structure of the complex was calculated by using different hybrid density functional 
approximations (Table S1). In all cases, the resulting geometrical parameters were very close to 
the corresponding experimental values (see also Table 2). 
 
 PBE0 HSE M06 
Fe(1)-O(21) 2.064 2.058 2.041 
Fe(1)-O(25) 2.091 2.093 2.091 
Fe(1)-O(11) 2.091 2.093 2.091 
Fe(1)-O(15) 2.064 2.058 2.041 
Fe(1)-N(31) 2.271 2.269 2.230 
Fe(1)-N(34) 2.271 2.269 2.230 
N(31)-C(32) 1.472 1.473 1.474 
N(34)-C(33) 1.472 1.473 1.474 
O(21)-C(22) 1.261 1.262 1.260 
O(25)-C(24) 1.251 1.252 1.251 
O(11)-C(12) 1.251 1.252 1.251 
O(15)-C(14) 1.261 1.262 1.260 
O(21)-Fe(1)-O(25) 84.6 85.0 86.0 
O(11)-Fe(1)-O(15) 84.6 85.0 86.0 
N(31)-Fe(1)-N(34) 81.7 81.4 82.4 
O(21)-Fe(1)-O(15) 177.6 175.4 175.3 
O(25)-Fe(1)-N(34) 171.2 175.0 177.8 
O(11)-Fe(1)-N(31) 171.2 175.0 177.8 
Fe(1)-O(21)-C(22) 128.4 127.6 126.0 
Fe(1)-O(25)-C(24) 128.4 127.5 125.0 
Fe(1)-O(11)-C(12) 128.4 127.5 125.0 
Fe(1)-O(15)-C(14) 128.4 127.6 126.0 
Fe(1)-N(31)-C(32) 104.1 104.6 104.7 
Fe(1)-N(34)-C(33) 104.1 104.6 104.7 
 
Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2011
17
 6
Table S1 Selected bond lenghts (Å) and bond angles (°) for Fe(hfa)2•TMEDA from optimized 
geometries calculated with the PBE0, HSE and M06 hybrid density functional approximations 
and the D95+* basis set. 
 
 
E (nm) 
(exp) 
E (nm) 
(calc) f Composition  
Nature of the transition 
and assignment 
 
530 (m) 
 
496  
 
494 
 
0.0205 
 
0.0050 
 
 
β HOMO → β LUMO 
 
β HOMO → β LUMO+1 
 
 
M(dx2-y2) → L(hfa lumo) 
 
M(dx2-y2) → L(hfa lumo) 
480 (w) 457 
 
 
 
 
457     
0.0084 
 
 
 
 
0.0023 
β HOMO-2 → β LUMO 
β HOMO-1 → β LUMO+1 
β HOMO → β LUMO 
α HOMO-2 → α LUMO+1 
α HOMO-3 → α LUMO   
β HOMO-1 → β LUMO+1 
β HOMO-1 → β LUMO 
β HOMO-2 → β LUMO+1 
α HOMO-3 → α LUMO+1   
α HOMO-2 → α LUMO   
 
 
L(hfa homo) → L(hfa lumo 
L(hfa homo) → L(hfa lumo) 
M(dx2-y2) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
M(dx2-y2) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
 
425 (w) 386  
 
386 
0.0010 
 
0.0008 
α HOMO → α LUMO  
α HOMO-1 → α LUMO+1 
α HOMO → α LUMO+1 
α HOMO-1 → α LUMO 
M(dxy) → L(hfa lumo) 
M(dz2) → L(hfa lumo) 
M(dxy) → L(hfa lumo) 
M(dz2) → L(hfa lumo) 
 
 
350 (w) 311 
 
 
0.0004 
 
 
β HOMO-4 → β LUMO 
β HOMO-5 → β LUMO+1 
 
 
L(hfa homo-1) → L(hfa lumo) 
L(hfa homo-1) → L(hfa lumo) 
 
316 (vs) 293  
 
290 
 
 
  
0.0075 
 
0.0054 
 
 
 
α HOMO-2 → α LUMO 
β HOMO-1 → β LUMO 
α HOMO-3 → α LUMO+1 
β HOMO-1 → β LUMO 
 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
 
 
301 (vs) 272  
 
 
 
 
271 
0.2069 
 
 
 
 
0.0786 
β HOMO-1 → β LUMO+1 
β HOMO-2 → β LUMO 
α HOMO-3 → α LUMO 
α HOMO-2 → α LUMO+1 
 
β HOMO-2 → β LUMO+1 
α HOMO-3 → α LUMO+1 
α HOMO-2 → α LUMO 
 
  
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
L(hfa homo) → L(hfa lumo) 
 
 
a Only calculated transitions with oscillator strengths f > 0.01 are reported unless related to a feature in the 
experimental spectrum. The reported assignments are approximate, and the dominant character of each excitation is 
evidenced in bold. Capital and lower case characters refer to MOs in Fe(hfa)2•TMEDA and in the ligands, 
respectively. Contributions to the transitions with weights < 20% are not listed. L = ligands; f = calculated oscillator 
strength; M = metal; w = weak intensity; m = medium intensity; vs = very strong intensity. 
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Table S2. UV-Vis spectral data, TD-DFT calculated electronic excitations, oscillator strenghts 
and relative assignments for Fe(hfa)2•TMEDA. 
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Figure S5. Fe(hfa)2•TMEDA β-spin frontier molecular orbitals. Left panel: 140 β (HOMO); 
right panel: 141 β (LUMO). Atom color codes: Fe: violet; O: red; F: green; C: grey; N: blue; H: 
white. 
 
 
 
Figure S6. Fe(hfa)2•TMEDA α-spin frontier molecular orbitals. Left panel: 144 α (HOMO); 
right panel: 145 α (LUMO). Atom color codes as in Figure S5. 
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Figure S7. Left panel: Fe(hfa)2•TMEDA α-spin HOMO-1 orbital. Right panel: 
Fe(hfa)2·TMEDA β-spin HOMO-1 orbital. Atom color codes as in Figure S5. 
 
Figure S8. Left panel: optimized structure of the fragment Fe(hfa)2 obtained from 
Fe(hfa)2•TMEDA by loss of the TMEDA ligand. Right panel: optimized structure of the 
fragment Fe(hfa)•TMEDA+ obtained from Fe(hfa)2•TMEDA by loss of a hfa ligand. Atom color 
codes as in Figure S5.  
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Thermal properties of Fe(hfa)2•TMEDA 
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Figure S9. Isothermal studies carried out at different temperatures for Fe(hfa)2•TMEDA. 
 
SIMS analysis of -Fe2O3 nanodeposits on SiO2 
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Figure S10. SIMS depth profile of a -Fe2O3 nanodeposit on SiO2. 
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a b s t r a c t
The preparation of the second generation iron(II) complex Fe(hfa)2TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-
2,4-pentanedionate, TMEDA = N,N,N0 ,N0-tetramethylethylenediamine) is performed by reacting iron(II)
chloride with Hhfa and TMEDA in two subsequent steps. Density functional theory data show that the
compound possesses a distorted octahedral geometry, with the two b-diketonate ligands in a cis config-
uration. The complex mass transport properties and fragmentation pattern are investigated by thermal
analyses and electron impact mass spectrometry, respectively. In addition, its experimental and simu-
lated IR spectra are presented. For the first time, Fe(hfa)2TMEDA was successfully applied in the chemical
vapor deposition (CVD) of iron oxide on Si(100). Structural, compositional and morphological analyses
evidence the possibility of obtaining pure, single-phase and homogeneous b-Fe2O3 films.
 2011 Elsevier B.V. All rights reserved.
1. Introduction
One of the most challenging research issues concerns the
development of proper synthetic strategies affording a controlled
material nano-organization, a crucial step towards the preparation
of innovative devices with improved performances [1–3]. In this
context, nanoscaled iron(III) oxide (Fe2O3) systemshold a significant
promise for magnetic [2,4,5], electro-optical [6] and catalytic
applications [7–10]. In particular, Fe2O3 shows attractive properties
in photocatalytic hydrogen production, due to its band gap (Eg 
2.0 eV) that enables Vis-light absorption [11–16]. Furthermore, iro-
n(III) oxidenanomaterials areof great interest as negativeelectrodes
in Li-ion batteries [17–19] and as gas sensors for various analytes
[20–25].
To date, various preparation techniques have been adopted for
the fabrication of Fe2O3 nanosystems, such as hydrothermal ap-
proaches [2,5,17,19], sol–gel [25], spray pyrolysis [13,14,23,26],
molecular beam epitaxy [27], electrochemical routes [10,15] and
atomic layer deposition [24]. In this context, chemical vapor depo-
sition (CVD) represents an appealing approach for the preparation
of single-phase crystalline materials on various substrates, thanks
to its flexibility, conformal step coverage and unique control on
the system morphology [1,3,4,6,11]. Due to the delicate interplay
between precursor chemistry andmaterial properties, reproducible
CVD processes rely on the availability of suitablemolecular sources,
whose main requirements are an appreciable volatility, a high ther-
mal stability and a clean decomposition pathway [6,28,29]. To this
aim, various iron compounds have been adopted in CVD applica-
tions, such as halogenated salts [7–9], Fe(CO)5 [12,20,22,30], ferro-
cene and its derivatives [21,28,31], iron alkoxides [1,6] and
conventional b-diketonates [3,29,32–34]. In spite of these efforts,
the design of improved Fe precursorsmatching all the above criteria
is still highly demanded [31,35]. In fact, the most used compound,
Fe(CO)5, is toxic and pyrophoric and possesses a rather narrow tem-
perature window between vaporization and decomposition, with
consequent difficulties in the process control [35]. In a different
way, the use of ferrocene presents problems in terms of film
contamination by carbon and requires a relatively high growth
temperature to achieve crystalline deposits [28,35]. In addition,
conventional b-diketonates suffer from premature and detrimental
side degradation [28,31], whereas iron alkoxides and carboxylates
are characterized by low vapor pressures [16].
Herein,we present an alternative strategy to overcome the above
disadvantages, involving the use of a b-diketonate diamine iron(II)
complex, Fe(hfa)2TMEDA, as a CVD precursor for Fe2O3 [36]. The
choice of Fe(II) instead of Fe(III) enables the obtainment of a sec-
ond-generation precursor, a class of compounds that, to the best of
our knowledge, has never been adopted for the CVD of Fe2O3 deposits
up to date. Thanks to the complete saturation of the iron(II) coordi-
nation sphere, this complex possesses improved shelf-stability and
mass transport properties for the above applications [37,38]. To
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date, whereas an alternative synthesis of Fe(hfa)2TMEDA has been
previously reported [39], its thorough characterization and applica-
tion in CVDhave never been attempted. In this paper, beside provid-
ing experimental characterization data on the above compound, we
present density functional theory (DFT) calculations providing in-
sight into its structure and vibrational properties. The implementa-
tion of Fe(hfa)2TMEDA in the CVD fabrication of Fe2O3 films on
Si(100) is also reported. Film microstructural, compositional and
morphological properties were investigated by means of X-ray dif-
fraction (XRD), infrared (IR) and energy dispersive X-ray spectrosco-
pies (EDXS), and atomic force microscopy (AFM).
2. Experimental
2.1. Synthesis
For the preparation of Fe(hfa)2TMEDA, all manipulations were
carried out in open air. 3.3 mL of Hhfa (23.3 mmol) were added
dropwise to 10 mL of an aqueous sodium hydroxide solution
(0.93 g, 23.5 mmol), maintained under vigorous stirring. Subse-
quently, 50 mL of an aqueous solution containing 1.49 g
(11.73 mmol) of FeCl2 were slowly added, resulting in a color
change from dark yellow to maroon. Then, 1.8 mL of TMEDA
(12.59 mmol) were dropped stepwise and the obtained solution
was stirred for 150 min at room temperature. The complex was
then extracted in CHCl3, and solvent removal yielded a dark mar-
oon solid (70%, melting point = 355 K at 1 atm). Anal. Calc. for
C16H18N2O4FeF12: C, 32.79; H, 3.09; N, 4.78. Found: C, 32.86; H,
3.24; N, 4.72%. The obtained powders were non-hygroscopic and
could be stored in air at room temperature without undergoing
any decomposition, an important prerequisite in view of eventual
CVD applications [36].
Fe2O3 thin films were deposited on HF-etched Si(100) wafers
(10 mm  10 mm  1 mm) in a cold-wall horizontal CVD appara-
tus, equipped with an external precursor reservoir. Fe(hfa)2TME-
DA was vaporised at 333 K and transported towards the growth
surface by means of an O2 flow (purity = 6.0). Iron oxide deposi-
tions were carried out at 673 K and 10.0 mbar total pressure. All
gas lines and valves before the reaction chamber were heated at
393 K to prevent detrimental condensation phenomena.
2.2. Characterization
The complex melting point was measured by a Koffler micro-
scope, whereas elemental analyses were performed by a Fisons
Carlo Erba EA1108 apparatus (CHNS version). IR spectra were re-
corded in transmittance mode by a Thermo-Nicolet Nexus 860
instrument. The precursor spectrum was acquired on KBr pellets,
whereas Fe2O3 deposit spectrum was obtained subtracting the
Si(100) substrate contribution. Mass transport properties of the
precursor were investigated in air by means of an SDT 2960 appa-
ratus (TA Instruments), using a heating rate of 10 C/min. Electron
impact mass spectrometry (EI-MS) spectra were collected by using
a Varian MAT spectrometer under standard EI conditions
(EI = 70 eV).
Hybrid DFT calculations on the Fe(hfa)2TMEDA complex were
performed with the GAUSSIAN 09 (G09) code [40]. Optimized geome-
tries and vibrational frequencies were calculated with the unre-
stricted M06 functional [41] in combination with an ECP10-MDF
pseudopotential [42], the aug-cc-pVDZ-PP basis for Fe [43], and full
double zeta plus diffuse and polarization functions (D95+⁄) basis
set [44] for the ligand atoms. Both singlet and quintet spin states
for Fe were considered. All calculated minima had positive
frequencies. Theoretical vibrational frequencies were compared
with the experimental IR data by applying a 0.970 shift factor.
Calculations were performed at the Centro di Calcolo Scientifico
of the Insubria University.
XRD patterns of Fe2O3 deposits were recorded by a Bruker D8
Advance diffractometer equipped with a Cu Ka source powered
at 40 kV, 40 mA (incidence angle = 1.0). The average crystallite
dimensions were estimated by means of the Scherrer equation.
An Oxford INCA x-sight X-ray detector mounted on a Zeiss SUPRA
40VP instrument (primary beam voltage = 20 kV) was used for
EDXS analysis. AFM micrographs were obtained by a NT-MDT
SPM Solver P47H-PRO instrument, operating in tapping mode
and in air. Root Mean Square (RMS) roughness values were esti-
mated on 3  3 lm2 micrographs after a plane fitting procedure.
3. Results and discussions
3.1. Structural and vibrational properties of Fe(hfa)2TMEDA
The calculated minimum energy structure for the Fe(hfa)2TME-
DA complex, characterized by a C2 symmetry, is presented in Fig. 1.
As can be observed, the coordination environment is a distorted
FeO4N2 octahedron, with the two b-diketonate ligands arranged
in a cis configuration around the Fe(II) center. Similar results have
already been reported by us for homologous M(hfa)2TMEDA com-
pounds, with M = Co [38] and Cu [37]. In the case of Fe(hfa)2TME-
DA, hybrid DFT results indicate that the high-spin (HS) quintet
optimized structure is 37.0 kcalmol1 more stable than the low-
spin (LS) singlet one, in analogy with the homologous Co complex.
Nevertheless, whereas the HS-Co molecule showed a regular octa-
hedral geometry with very similar metal–oxygen distances, the
structure of the HS-Fe complex presents appreciable distortions
from an ideal octahedron, with apical Fe–O(1) distances slightly
shorter than the equatorial Fe–O(2) ones, and Fe–N bonds signifi-
cantly longer than the latter (see Table 1) [45].
The experimental and theoretical IR spectra of the complex are
superimposed in Fig. 2. As expected on the basis of the calculated
geometries, the simulated spectra for the HS and the LS structures
mainly differ in the Fe–O, Fe–N (600–500 cm1) stretching regions.
Such moderate differences, in the 10–15 cm1 range, can be easily
Fig. 1. Calculated minimum energy structure of Fe(hfa)2TMEDA. Atom color codes:
Fe: brown; F: green; O: red; N: blue; C: gray; H: white. (For interpretation of the
references in color in this figure legend, the reader is referred to the web version of
this article.)
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rationalized by keeping into account that ligands are less tightly
bound to the metal center in the HS structure. Overall, even though
the two simulated spectra are similar, the vibrational spectrum of
the complex in the high spin state better compares with the exper-
imental data. Moreover, the very large energy difference between
the HS and LS structures clearly suggests an high spin state for
the complex, so that we will refer to that state from now on.
As can be observed, the comparison allows for a clear-cut
assignment of the experimental bands [37]. As a first remark, the
spectrum generally resembles those previously observed for Co
and Cu homologs of Fe(hfa)2TMEDA [37,38]. In particular, the
weak band located at 3147 cm1 is due to the C–H stretching
modes of the b-diketonate hfa ligands, whereas the corresponding
C–H signals of CH2 and CH3 TMEDA groups fall in the 3020–
2810 cm1 interval. The intense band located at 1630 cm1 is
attributed to C@O stretching modes, while the signals in the
1380–1550 cm1 range are mainly related to the C@C stretching
and C–H in-plane bending modes of the b-diketonates, as well as
to deformation modes of the TMEDA methyl and methylene moie-
ties. In line with the spectra of the Co and Cu homologs, the
1344 cm1 band is due to combinations of C@C and C–CF3 stretch-
ing modes, while the bands at 1257, 1188 and 1144 cm1 result
from C–H bending, C–CF3 and C–F stretching, whereas the bands
at 930–1100 cm1 arise from C–C/C–N stretching and CH3/CH2
deformation modes. Finally, analysis of the calculated vibrations
allowed us to assign the 586 and 480 cm1 bands to Fe–O and
Fe–N stretching, respectively.
3.2. Mass transport properties of Fe(hfa)2TMEDA
The knowledge of the precursor thermal behavior is of
fundamental importance to achieve controlled and reproducible
CVD growth processes. In order to validate the suitability of
Fe(hfa)2TMEDA as molecular source for Fe2O3 systems, its vapori-
zation performances were investigated both under N2 and air.
Irrespective of the used atmosphere, very similar results were
obtained and an identical behavior was observed for freshly syn-
thesized and aged sample batches. Fig. 3 reports the logarithmic
dependence of vaporization rate on the inverse of the absolute
temperature. In the investigated range, rate values were comprised
between 0.01 and 0.20 mol m2 s1 and the observed linear depen-
dence was indicative of a vaporization process free from undesired
side reactions. In fact, a single-step mass loss with an almost
negligible residual (<2%) for temperatures higher than 460 K was
clearly evidenced by thermogravimetric analysis (TGA; Fig. 3,
inset).
On the basis of the Clausius–Clapeyron equation, the apparent
molar vaporization enthalpy could be estimated by the slope of
the obtained experimental curve, yielding DHvap = 58 ± 1 kJmol1,
a value that compares favorably with those recently reported for
M(hfa)2TMEDA complexes, with M = Co [38] and Cu [37].
Overall, the above results highlight that the thermal properties
of Fe(hfa)2TMEDA are very attractive in view of its utilization as an
iron molecular source in the CVD of Fe2O3 thin films.
3.3. Mass spectrometry study of Fe(hfa)2TMEDA
The EI-MS spectrum of the complex is displayed in Fig. 4, while
the corresponding peak assignment is reported in Table 2. The
molecular ion was revealed at m/z = 586.4, while no signals at
higher values were found [39], supporting the monomeric nature
of Fe(hfa)2TMEDA, in agreement with results obtained by the
other characterization techniques. This observation, in line with
the favorable mass transport properties of the complex, is of great
importance, since the presence of polynuclear aggregates might
have detrimental effects both on the precursor volatility and
decomposition pathways.
As a general rule, the spectrum was dominated by peaks due to
the loss of both the TMEDA and hfa ligands. In particular, the initial
complex fragmentation involved the detachment of TMEDA (peak at
m/z = 116.2) and hfa moieties, producing the ions [Fe(hfa)TMEDA]+
(m/z = 379.3) and [Fe(hfa)]+ (m/z = 263.1). Most of the other ob-
served peaks arose from successive multiple fragmentation and
rearrangement reactions. Some of these events involved the TMEDA
cleavage, as confirmed by the base peak atm/z = 58.1 corresponding
to (CH3)2NCH2+ species. Moreover, the loss of CF2/CF3/F moieties
from hfa-related fragments took place, resulting in the formation
of stable radicals under EI-MS conditions. Note that similar fluorine
transfer processes have already been reported in themass spectra of
rare earth adducts with hfa and polyether ligands [46].
Table 1
Selected geometrical parameters of Fe(hfa)2TMEDA obtained from structure optimi-
zation in the gas phase (C2 symmetry). HS = high spin; LS = low spin. O(1) atoms
occupy the apical positions, O(2) and N atoms define the octahedron basal plane.
Bond lengths (Å) HS-Fe C2 LS-Fe C2
Fe–O(1) 2.041 1.940
Fe–O(2) 2.091 1.947
Fe–N 2.230 2.071
Fig. 2. Experimental and calculated (HS: high spin structure; LS: low spin structure)
IR spectra of Fe(hfa)2TMEDA.
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3.4. CVD of Fe2O3 thin films
The ultimate target of this work was the obtainment of iron(III)
oxide films by CVD using the synthesized Fe(hfa)2TMEDA as
molecular source. The good precursor volatility allowed a uniform
and reproducible mass supply even at vaporization temperatures
of 333 K, drastically lower than those adopted for other iron oxide
precursors [1,3,28,31–33]. Depositions on Si(100) substrates under
pure O2 atmospheres resulted in uniform and crack-free speci-
mens. The related XRD pattern (Fig. 5) presented peaks at
2# = 23.2, 33.1, 38.3, 40.8 and 49.4, that could be indexed as
the (211), (222), (400), (411) and (431) reflections of cubic b-
Fe2O3, without any preferential orientation [47]. The mean crystal-
lite size was 40 nm. The obtainment of this iron oxide phase is of
great interest, since previous studies have been mainly focused
on the preparation of a-Fe2O3, the most thermodynamically stable
iron(III) oxide polymorph, whereas research activities on b-Fe2O3
deserve further efforts [48].
Subsequently, the attention was devoted to the analysis of the
system composition by IR (Fig. 6a). It is worth noting that, up to
date, very few examples of IR spectra of b-Fe2O3 have been re-
ported in the literature [33,34]. In line with XRD results (see
above), the spectrum shows the characteristic bands of the b-phase
at wavenumbers lower than 800 cm1, whereas the absorptions
typical of a- and c-Fe2O3 could not be observed [34,49,50]. The
90–100% transmittance at higher wavenumbers confirmed the ab-
sence of organic residuals arising from an incomplete precursor
decomposition.
The high purity of the synthesized Fe2O3 films was further con-
firmed by EDXS analysis (Fig. 6b). As a matter of fact, apart from
the intense Si Ka peak of the Si(100) substrate, only signals due
to O Ka (0.524 keV), Fe La (0.703 keV), Fe Ka (6.390 keV) and Fe
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Fig. 4. EI-MS spectrum of Fe(hfa)2TMEDA.
Table 2
Peak positions and relative abundances in the EI-MS spectrum of Fe(hfa)2TMEDA.
Fragment m/z Relative intensity (%)
[Fe(hfa)2TMEDA]+ 586.4 11
[Fe(hfa)2TMEDA–F]+ 567.3 3
[Fe(hfa)2]+ 470.2 57
[Fe(hfa)2–CF2]+ 420.1 25
[Fe(hfa)2–CF3]+ 401.1 54
[Fe(hfa)TMEDA]+ 379.3 36
[Fe(hfa)2–CF2–CF3]+ 351.1 5
[Fe(hfa)2–CF2–2CF3]+ 282.1 7
[Fe(hfa)]+ 263.1 13
[Fe(hfa)2–2CF2–2CF3]+ 232.0 10
[Fe(hfa)–CF2]+ 213.0 85
TMEDA+ 116.2 19
(CH3)2N(CH2)2+ 72.1 12
CF3+ 69.0 93
(CH3)2NCH2+ 58.1 100
N(CH2)2+ 42.1 29
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Fig. 5. XRD pattern of a Fe2O3 specimen deposited on Si(100) at 673 K. Dashed lines
mark the peak positions for b-Fe2O3 [47].
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Kb (7.060 keV) transitions were detected. The absence of any con-
tamination signal due to carbon or fluorine incorporation into the
film supported the occurrence of a clean precursor decomposition
under the present CVD conditions. The typical thickness of the de-
posit was estimated to be 300 nm.
Finally, the nanosystem morphology was investigated by AFM
(Fig. 7), that showed the presence of spherical aggregates (average
size = 100 nm) uniformly distributed over the whole substrate sur-
face, pointing out to a high lateral homogeneity of the obtained
systems. The resulting material topography was characterized by
a rather high porosity, as confirmed both by the line height profile
(Fig. 7, bottom) and the calculated RMS roughness of 20 nm. These
data pave the way to a promising use of such systems in sensing or
photocatalytic applications, where a high active area is desirable.
4. Conclusions
The aim of this investigation was to propose an efficient and
low-cost synthesis of Fe(hfa)2TMEDA, a thermally stable Fe(II)
complex whose properties have never been investigated in detail
up to date. The experimental and theoretical characterization per-
formed in the present work shows that the compound is mono-
meric, with a pseudo-octahedral Fe(II) core, and possesses a
remarkable air stability and a high volatility at moderate tempera-
tures. These properties make Fe(hfa)2TMEDA an ideal candidate
for the successful utilization in the CVD of nanostructured Fe2O3
thin films. Preliminary results reported in the present work as a
case study demonstrate the obtainment of highly pure nanocrys-
talline b-Fe2O3 systems with controlled morphology.
To the best of our knowledge, this investigation represents the
first example of application of Fe(hfa)2TMEDA in CVD processes.
These results represent an interesting starting point for further
studies on the X-ray structure of the complex, as well as on the
interrelations between Fe-O system properties and the processing
conditions. Efforts in this direction are actually under way.
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Chapter 2
Fe2O3 nanosystems by thermal CVD
2.1 Introduction
Iron can form several oxides with different crystal structures and stoichiometries, such
as FeO, Fe3O4, and Fe2O3.
3,35 In particular, iron(III) oxides have received a consider-
able attention in the last decade thanks to their intriguing chemico-physical characteris-
tics, along with their low cost/toxicity and bio-compatibility.84,85 The main motivations
boosting the strike back of iron oxides can be traced back to the availability of innova-
tive fabrication techniques, that enable an unprecedented control over the system struc-
ture and morphology.3,86,87 The tailoring of these characteristics has originated several
studies for a multitude of functional end-uses,2,88,89 from biomedical applications,3,90 to
(photo)catalysis,7,18,87 gas sensing/batteries10,11,86 and magnetic devices.3,22,84
To date, four crystalline polymorphs of iron(III) oxide have been described, all of which
have significantly different structural properties: α-Fe2O3, β-Fe2O3, γ-Fe2O3 and -Fe2O3
(Figure 2.1). Beyond α-Fe2O3 (hematite) and γ-Fe2O3 (maghemite) that have been widely
investigated, β- and -Fe2O3 phases, the rarest ones with scarce natural abundance, can
also occur.2,35,84
The interest in the -polymorph is mainly motivated by its interesting magnetic be-
haviour (see section 2.3),29,31,36,84 whereas reports on β-Fe2O3 utilization are very scarce,
and limited to its use in pigments,91 electrochemical sensors21 and magnetic materials.22,23
So far, α- and γ-Fe2O3, occurring both as bulk and nanosized materials, have been fabri-
cated by several vapor- and liquid-phase techniques, yielding systems with diverse mor-
phologies (from thin films to nanobelts, nanotubes, nanoflowers, and so forth).16,17,32–34
Yet, despite phase transformations between the different Fe2O3 polymorphs have been al-
ready investigated,5,35 only a few works on the obtainment of β- and -Fe2O3 as supported
nanosystems (rather than powders), as required by high-tech applications, are available
up to date.24,36,92
As a consequence, deeper insights into the interplay between growth conditions and
properties of the β- and -polymorphs are undoubtedly necessary. In particular, con-
29
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a-Fe2O3 b-Fe2O3 e-Fe2O3 
Figure 2.1 – Graphical representations of the fundamental crystal structures of (a) α-
Fe2O3 (rhombohedrally centered hexagonal structure, R3¯c space group, lattice parameters
a = 5.036 A˚ and c = 13.749 A˚), (b) β-Fe2O3 (body centered cubic structure, Ia 3¯ space
group, lattice parameter a = 9.393 A˚), (c) -Fe2O3 (orthorhombic structure, Pna21 space
group, lattice parameters a = 5.095 A˚, b = 8.789 A˚, and c = 9.437 A˚).5
ditio sine qua non for the technological utilization of β- and -phases is their selective
fabrication by flexible synthetic approaches, enabling the design and modulation of their
characteristics.5,36,84
Among the various chemical and physical techniques to produce oxide nanomaterials,
CVD processes, involving the controlled transformation of molecular precursors from the
vapor phase into the target materials, are well-established pathways thanks to the control
on materials nucleation/growth phenomena. The unique tailoring of nanomaterial phase
and morphology, enables in fact a controlled bottom-up growth of supported nanomate-
rials, with characteristics hardly attainable with conventional preparation processes (see
also Appendix A.2).
In this Chapter, the CVD preparation of controlled Fe2O3 nanostructures is reported,
exploiting the suitable properties of Fe(hfa)2TMEDA as a precursor (see Chapter 1).
As showed in the pertaining publications, a proper selection of thermal CVD processing
conditions has enabled the preparation of phase-pure α-, β- and -Fe2O3, the latter being
obtained for the first time via CVD, with spatial organization encompassing thin films,
nanopyramids and oriented nanorod arrays. Beside investigating the material magnetic
properties (section 2.3), the functional behaviour of the obtained materials has also been
tested as anodes in Li-ion batteries (section 2.4), photocatalytic decomposition of gaseous
and aqueous pollutants (section 2.5), and photo-assisted H2 generation by reforming of
renewable oxygenates (section 2.6).
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2.2 Synthesis and characterization of α, β and -Fe2O3
nanosystems
The present section reports on the thermal CVD growth of α, β- and -Fe2O3 nano-
materials on Si(100) substrates. After a systematic optimization of the CVD processing
parameters (Table 2.1), the influence of the growth atmosphere (O2 or O2 + H2O) and
temperature (400 - 550℃) on the material structure and morphological organization has
been thoroughly analyzed.
Polymorph Deposition T Reaction Atmosphere Total Pressure
[℃] [mbar]
α-Fe2O3 500 O2 + H2O 3.0
β-Fe2O3 400 - 550 O2 3.0 - 10.0
-Fe2O3 400 - 550 O2 + H2O 10.0
Table 2.1 – Optimized CVD process parameters for the selective obtainment of α-, β- and
-Fe2O3 nanosystems. Precursor weight = 0.3 g, vaporized at 60℃ under a pure oxygen
flow. Si(100) slides have been used as growth substrates.38,39
The structure of the obtained nanomaterials, with particular attention to the selective
synthesis of various Fe2O3 polymorphs, has been studied by using complementary analy-
ses. In fact, besides the use of glacing incidence X-ray diffraction (GIXRD), the systems
have been also characterized by bidimensional X-ray diffraction (XRD2), making possi-
ble to detect also weak features due to the co-presence of eventual minority phases (see
Appendix B.2.7). These analyses showed that single phase β-Fe2O3 and -Fe2O3 nanoma-
terials could be selectively obtained by varying the sole reaction atmosphere (Table 2.1).
Interestingly, in both cases, the deposition temperature played a crucial role also in the
occurrence of preferential orientation effects. In particular, at 400℃ a [013] orientation
has been observed for -Fe2O3, whereas β-Fe2O3 deposited at 550℃ presented a [100]
preferential orientation.
The system surface and in-depth composition was analyzed by X-ray photoelectron
spectroscopy (XPS) and energy dispersive X-ray analysis (EDXS), that evidenced the
presence of high purity iron(III) oxides free from other Fe oxidation states. A detailed
electron energy loss spectroscopy (EELS) analysis performed to investigate the local chem-
ical composition with nanoscale sensitivity, enabled deeper insight on the coordination of
Fe centers. In particular, these analyses evidenced the surface presence of oxygen defects,
that played a crucial role on the performances in photo-assisted hydrogen generation.39
The influence of the reaction atmosphere and growth temperature on system morphol-
ogy has been investigated by the complementary use of field emission-scanning electron
microscopy (FE-SEM) and atomic force microscopy (AFM). In general, β-Fe2O3 samples,
obtained under dry O2 atmospheres, were characterized by interconnected nanopyrami-
32 Fe2O3 nanosystems by thermal CVD
dal aggregates, whose dimensions increased with the growth temperature, along with the
overall deposit thickness [(from 400 nm (400℃) up to 1100 nm (550℃)]. Correspondingly,
the surface root-mean-square (RMS) roughness increased from 20 to 40 nm. At 550℃,
growth rates as high as 18 nm×min−1 were obtained, an important issue in view of the
eventual technological exploitation of the present preparation process.
As regards -Fe2O3, synthesized under O2 + H2O atmospheres, the deposition temper-
ature had an even more marked influence on the system topography, which evolved from
nanorod assemblies (T = 400℃) to interconnected pyramidal aggregates (T > 500℃). For
these systems the deposit thickness and RMS surface roughness underwent an increase
from 350 to 450 nm and from 8 to 13 nm, respectively, upon increasing the substrate
temperature from 400 to 550℃. Detailed HR-TEM analyses revealed that the target ma-
terials possessed a high structural homogeneity throughout the entire deposit thickness,
highlighting the fine control achieved on the system phase composition. The selective
obtainment of supported β- and -Fe2O3 nanostructures has represented a key step in the
development of the present PhD work. After optimizing the preparation of β- and -Fe2O3
systems in view of the target applications (see the following sections), selected iron(III)
oxide systems have been used as host matrices for the formation of advanced nanocom-
posites through CVD/RF-Sputtering and CVD/ALD hybrid approaches (see Chapter 4).
Further details on the synthesis and characterization of Fe2O3 materials are also reported
in the following article38 (reprinted with the permission of WILEY-VCH Verlag GmbH &
Co.).
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Si(100)-supported Fe2O3 nanomaterials were developed by a
chemical vapor deposition (CVD) approach. The syntheses,
which were performed at temperatures between 400 and
550 °C, selectively yielded the scarcely studied β- and ε-
Fe2O3 polymorphs under O2 or O2 + H2O reaction environ-
ments, respectively. Correspondingly, the observed mor-
phology underwent a progressive evolution from intercon-
nected nanopyramids to vertically aligned nanorods. The
present study aims to provide novel insights into Fe2O3 nano-
organization by a systematic investigation of the system
structure/morphology and of their interrelations with growth
conditions. In particular, for the first time, the β- and ε-Fe2O3
preparation process has been accompanied by a thorough
multitechnique investigation, which, beyond X-ray photo-
electron spectroscopy (XPS) and field-emission scanning
electron microscopy (FESEM), is carried out by X-ray diffrac-
tion (XRD), energy-dispersive X-ray spectroscopy (EDXS),
Introduction
Iron oxides, and Fe2O3 in particular, are the most com-
mon iron compounds found in nature.[1] Thanks to their
promising properties, such materials have recently been the
object of renewed attention, which is further motivated by
their abundance, low cost/toxicity, and biocompatibili-
ty.[1b,2] The main reasons boosting this interest in iron ox-
ides stem from the availability of innovative fabrication and
processing techniques, which enable an unprecedented con-
trol over the system structure and morphology on the nano-
scale.[1a,3] The systematic tailoring of these characteristics
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atomic force microscopy (AFM), high-resolution transmission
electron microscopy (HRTEM), electron diffraction (ED),
scanning TEM electron energy-loss spectroscopy (STEM-
EELS), and high-angle annular dark-field STEM (HAADF-
STEM). Remarkably, the target materials showed a high
structural and compositional homogeneity throughout the
whole thickness of the nanodeposit. In particular, spatially
resolved EELS chemical maps through the spectrum imaging
(SI) technique enabled us to gain important information on
the local Fe coordination, which is of crucial importance in
determining the system reactivity. The described preparation
method is in fact a powerful tool to simultaneously tailor
phase composition and morphology of iron(III) oxide nano-
materials, the potential applications of which include photo-
catalysis, magnetic devices, gas sensors, and anodes for
Li-ion batteries.
has brought about various studies for a multitude of func-
tional end-uses,[4] from biomedical applications[5] to
(photo)catalysis,[3b,6] gas sensing/batteries,[3a,3c,7] and mag-
netic devices.[1,8] To date, four main crystalline polymorphs
with different properties have been described in the FeIII–O
system, namely α-, β-, ε-, and γ-Fe2O3.[9] Among them, α-
(hematite) and γ-Fe2O3 (maghemite), which occur both as
bulk and nanosized materials, have been fabricated by
several vapor- and liquid-phase techniques to yield systems
with diverse morphologies (from thin films to nano-
belts, nanotubes, nanoflowers, and so
forth).[3a,3c,4b,4c,5,7a,7b,8b,8c,8e,10] Conversely, the metastable
β- (bixbyite) and ε-phases, which exist only as nanomateri-
als, have been significantly less investigated as a conse-
quence of their hard-won synthesis.[9a,11] The interest in the
ε-polymorph is encouraged by its giant coercive field at
room temperature,[12] thus making it an attractive candidate
for recording media.[1b,9a,10a,13] Furthermore, its magneto-
electric coupling and millimeter-wave ferromagnetic reso-
nance are of potential interest for applications in tunable
magnetoelectric devices.[6a,11c,14] In a different way, reports
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on the technological applications of β-Fe2O3 are very
scarce, and limited to its use in pigments,[15] electrochemical
sensors,[16] and magnetic materials.[8a,9c]
Despite the fact that phase transformations between the
different Fe2O3 polymorphs have been already de-
scribed,[9a,11a] only a few studies on the obtainment of β-
and ε-Fe2O3 in the form of supported nanosystems, as re-
quired by high-tech applications, are available in the litera-
ture to date.[6a,10a,14a] As a consequence, deeper insights into
the interplay between growth conditions and properties of
the β- and ε-polymorphs are undoubtedly necessary from
both a fundamental and an applicative point of view. In
particular, an indispensible condition for the technological
utilization of β- and ε-phases is their selective fabrication
by means of flexible synthetic approaches, thereby enabling
the simultaneous control of their structure and morphologi-
cal organization.[9a,9b,11c]
Recently, we have reported on the magnetic properties of
selected β- and ε-Fe2O3 nanosystems obtained by chemical
vapor deposition (CVD).[13] Though preliminary in nature,
this study has provided evidence that the magnetic proper-
ties of the system are significantly influenced by their phase
composition and morphological features, as well as by their
magnetic multidomain structure. In particular, further is-
sues to be addressed concern a systematic investigation of
the interplay between the processing conditions and the sys-
tem properties, an open challenge for these scarcely investi-
gated polymorphs. Such studies are undoubtedly of great
importance for further advancements in the study of
iron(III) oxide, which can thus become an old workhorse
for new applications.
On the basis of these observations and starting from our
preliminary results, the present work concerns a nanoscopic
insight into relationships between β- and ε-Fe2O3 prepara-
tion parameters and their chemicophysical characteristics.
By exploiting the peculiar versatility of CVD processes,[17]
we have obtained for the first time β- and ε-iron(III) oxide
nanomaterials with controlled morphology over a wide
range of conditions by exploiting the mutual influence of
the growth temperature (400–550 °C) and the reaction at-
mosphere (O2 versus O2 + H2O). In particular, β-Fe2O3
nanopyramids could be fabricated under dry O2, whereas
the introduction of water vapor as a reactive agent enabled
the selective synthesis of ε-Fe2O3 nanorods. Since, to the
best of our knowledge, a detailed investigation of β- and ε-
Fe2O3 nanostructure growth is still an open challenge, the
present work was devoted to a multitechnique nanoscopic
investigation by means of advanced microscopic and spec-
troscopic techniques. In particular, high-resolution trans-
mission electron microscopy (HRTEM) and electron dif-
fraction (ED) studies, along with spatially resolved electron
energy-loss spectroscopy (EELS) chemical maps through
the spectrum imaging (SI) technique,[18] have been applied
for the first time to the characterization of the obtained
polymorphs. The potential of the approach reported herein
has enabled us to gain an impressive set of information on
the growth, structure, and properties of CVD β- and ε-
Fe2O3 nanomaterials. On this basis, a possible growth
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mechanism has been proposed, which also explains the for-
mation of oriented ε-Fe2O3 nanorods.
The present results are very attractive not only from a
fundamental point of view, but also for potential applica-
tions in magnetism, photocatalysis, and gas sensing, thereby
encouraging us to explore the unique properties of the β-
and ε-iron(III) oxide polymorphs.
Results and Discussion
In this study, great attention was devoted to the interplay
between two key synthetic parameters [reaction atmosphere
(O2 versus O2 + H2O) and growth temperature] and the
structural/morphological features of the resulting Fe2O3
systems. A representation of the proposed synthetic strategy
for iron oxide nanostructures is reported in Scheme 1. In
this context, after the optimization of preparation condi-
tions for the selective formation of β- versus ε-iron(III) ox-
ide starting from our previous communication,[13] particu-
lar efforts were devoted to investigating the relationships
between process parameters (growth temperature, reaction
atmosphere) and material characteristics, information
which is lacking in the literature so far.
Scheme 1. Sketch of the CVD approach used in this work for the
preparation of supported β- and ε-Fe2O3 nanomaterials in the 400–
550 °C temperature range.
To attain a preliminary insight into the system phase
composition, X-ray diffraction (XRD) analyses were car-
ried out, and representative patterns are displayed in Fig-
ure 1. As a general observation, appreciably crystalline ma-
terials could be obtained only for T400 °C. Interestingly,
the introduction of water vapor into the reaction atmo-
sphere played a crucial role in the selective growth of Fe2O3
polymorphs. In particular, all samples synthesized in an O2
environment (Figure 1a) showed peaks located at 2θ = 23.2,
33.0, and 38.4°, assigned to the (211), (222), and (400) re-
flections of cubic β-Fe2O3 (bixbyite).[19]
2.2 Synthesis and characterization of α, β and -Fe2O3 nanosystems 35
www.eurjic.org FULL PAPER
Figure 1. XRD patterns for Fe2O3 specimens deposited under (a)
dry O2 and (b) O2 + H2O atmospheres. The markers indicate reflec-
tions expected for β-Fe2O3 ()[19] and ε-Fe2O3 ().[20]
Whereas for the specimen grown at 400 °C the relative
intensities were comparable with those of the powder spec-
trum, an enhanced [100] preferential orientation was re-
corded for T500 °C, thereby suggesting a remarkable in-
fluence of deposition temperature on the material structural
organization.[21] In a different way, the diffraction patterns
of specimens prepared under O2 + H2O (Figure 1b) were
dominated by signals related to the ε-Fe2O3 polymorph,
thus highlighting the possibility of phase tailoring by vary-
ing the adopted reaction atmosphere. In particular, the
peaks located at 2θ = 27.6, 29.9, 32.8, 35.2, 36.4, 37.9, 40.1,
41.3, 45.2, 45.7, and 49.2° could be assigned to the (112),
(013), (122), (200)/(130), (201), (211)/(004), (202)/(132),
(212), (222), (203)/(133), and (142)/(015) reflections of or-
thorhombic ε-Fe2O3.[20]
The system chemical composition was analyzed by X-
ray photoelectron spectroscopy (XPS), which did not show
significant differences as a function of the adopted synthe-
sis conditions. Figure 2a shows the wide-scan XPS spec-
trum of a representative system, which was dominated by
iron and oxygen photopeaks. The presence of carbon was
related to adventitious surface contamination upon atmo-
spheric exposure, since the C1s signal fell to a noise level
after a few minutes of Ar+ sputtering. The C, Fe, and O
surface percentages were typically 19, 21, and 60 at.-%,
respectively. The O/Fe ratio higher than the stoichiometric
value was justified by the presence of surface –OH groups
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and carbonate species chemisorbed upon atmospheric ex-
posure. In fact, the O1s peak (Figure 2b) was fitted by two
bands at 530.1 (I) and 531.9 eV (II), which were attributed
to lattice oxygen in Fe2O3 and surface hydroxyls/carbonates,
respectively.[22] The latter component underwent a signifi-
cant intensity reduction upon mild Ar+ erosion. The Fe2p
peak shape and position [Figure 2c; binding energy (BE),
BE(Fe2p3/2) = 711.3 eV], along with the energy separation
between spin–orbit components [Δ(BE) = 13.4 eV], was
consistent with the formation of iron(III) oxide free from
other Fe oxidation states.[6b,6e,22a]
Figure 2. (a) Surface-wide-scan XPS spectrum for a representative
ε-Fe2O3 specimen. The detailed (b) O1s and (c) Fe2p photoelectron
peaks are also displayed.
To systematically investigate the system nano-organiza-
tion as a function of the processing conditions, both plane-
view and cross-sectional field-emission scanning electron
microscopy (FESEM) analyses were carried out.
As a matter of fact, the system morphology was remark-
ably influenced by both the reaction atmosphere and
growth temperature. In general, β-Fe2O3 samples (dry O2;
Figure 3) were dominated by interconnected square-based
nanopyramidal aggregates, the uniform distribution of
which over the whole substrate surface resulted in relatively
compact deposits. In spite of the similar nanoaggregate
shape, the growth temperature had a significant influence
on their average dimensions as well as on the overall deposit
thickness. In particular, the mean pyramid lateral size
underwent a progressive increase from (20030) nm
(400 °C), to (25030) nm (500 °C), up to (30040) nm
(550 °C). A similar trend was observed for the deposit
thickness, since its values were (40020), (65030), and
(110040) nm for samples prepared at 400, 500, and
550 °C, respectively. FESEM studies were accompanied by
cross-sectional energy-dispersive X-ray spectroscopy
(EDXS) line scans, which yielded analogous results irre-
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spective of the analyzed site. As a representative example,
typical line-scan profiles are shown in Figure 3. The similar
oxygen and iron trends throughout the deposit thickness
suggested a common origin for the two species and a re-
markably uniform sample composition from the external
surface down to the interface with the Si(100) substrate. A
different morphological organization was observed for ε-
Fe2O3 samples, which were obtained upon introducing
water vapor into the reaction atmosphere (Figure 4). In this
case, the deposition temperature had a more marked influ-
ence on the system topography with respect to the case of
dry O2 (compare with Figure 3).
Figure 3. Plane-view (left) and cross-sectional (right) FESEM
micrographs for samples synthesized under dry O2 at various tem-
peratures. Representative EDXS scans along the yellow line marked
for the 400 °C-grown specimen. The arrow indicates the direction
of abscissa increase.
Interestingly, the specimen synthesized at 400 °C was
characterized by uniformly distributed nanorods grown per-
pendicularly to the substrate surface, with mean lateral size
and length of (8010) and (35030) nm, respectively
Eur. J. Inorg. Chem. 2013, 5454–5461 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5457
Figure 4. Plane-view (left) and cross-sectional (right) FESEM
micrographs for ε-Fe2O3 samples synthesized under O2 + H2O at-
mospheres at various temperatures.
(average aspect ratio = length/size  4). In particular, these
rods showed a cylindrical trunk (length ≈ 300 nm) and a
sharper tip (length ≈ 50 nm). The anisotropic growth re-
sponsible for the formation of these columnar structures
was in line with XRD data and showed a preferential [013]
orientation. In a different way, an increase in the thermal
energy supply produced a less selective 1D growth due to a
competitive lateral growth of preformed structures, as al-
ready observed for other columnar oxide nanosystems.[23]
In fact, for deposition temperatures 500 °C the systems
presented a more compact morphology, characterized by
interconnected pyramidal aggregates at 550 °C, with no
preferential orientation, in agreement with Figure 1b. No
significant differences could be detected in the pyramid lat-
eral size [(20040) nm] and deposit thickness
[(45040) nm] at 500 and 550 °C, thereby resulting in typi-
cal growth-rate values of 8 nm min–1. Figure 5 shows the
Arrhenius plot of the growth-rate values.[24] Under a dry O2
atmosphere, a surface-reaction-limited regime occurred and
a linear fit of the experimental points (Figure 5, red line)
enabled us to evaluate the apparent activation energy re-
lated to the precursor decomposition as (302) kJmol–1.
This value agreed to a good extent with previous literature
reports on the CVD of polycrystalline iron oxides.[25] At
550 °C, a growth rate as high as 18 nmmin–1 was obtained,
an important issue in view of the eventual technological
exploitation of the present preparation process.
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Figure 5. Arrhenius plot of the growth rate versus the inverse depo-
sition temperature for iron oxide nanomaterials deposited under O2
and O2 + H2O atmospheres.
In a different way, under O2 + H2O atmospheres the pro-
cess came to be diffusion-controlled, since the growth rate
was almost independent of the adopted temperature. This
different deposition kinetics regime might contribute to ob-
taining distinct system microstructural and morphological
evolution upon introducing water vapor into the reaction
atmosphere.
To attain complementary information on the system sur-
face morphology, atomic force microscopy (AFM) analysis
was carried out (Figure 6). With regard to β-Fe2O3 samples,
the images were dominated by interconnected pyramids
with progressively increasing lateral sizes at higher deposi-
tion temperatures, in line with FESEM observations (com-
pare with Figure 3). Correspondingly, root-mean-square
(RMS) roughness values increased from 20 to 40 nm upon
going from 400 to 550 °C. With regard to ε-Fe2O3 samples,
the RMS roughness underwent an increase from 8 nm at
400 °C to 13 nm at 550 °C. The results discussed so far
highlight the unique role of water vapor not only in de-
termining the Fe2O3 phase composition, but also in con-
trolling the overall system morphology. In the case of
growth processes performed under dry O2, the temperature
had a notable influence on the deposit thickness, and the
system morphological features appeared to be qualitatively
similar. Conversely, under O2 + H2O atmosphere, variations
in the growth temperature produced significant changes in
the obtained topography, which evolved from rod-like struc-
tures to interconnected compact systems. These observa-
tions suggest a remarkably different growth mechanism in
the presence of water vapor.
To attain a deeper insight into this process and into the
nano-organization of the system as a function of growth
conditions, HRTEM and ED analyses were undertaken.
Figure 7a,b displays representative HRTEM images of β-
Fe2O3 nanostructures. As can be observed, their outer sur-
faces were sharply faceted, and characterized by the prefer-
ential exposure of {2–11}- and {222}-type planes at growth
temperatures of 400 and 500 °C, respectively. In the case of
ε-Fe2O3 nanomaterials, low-index {202} planes were prefer-
entially exposed for both temperatures (Figure 7c,d), but
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Figure 6. AFM images for selected β- (left) and ε-Fe2O3 (right)
nanodeposits grown under O2 (left) and O2 + H2O (right) atmo-
spheres, respectively.
the grain morphology appeared different in the two cases.
At 400 °C, most of the grains exhibited a needle-tree-type
morphology and contained an appreciable number of stack-
ing faults perpendicular to the c-axis direction (marked by
white arrowheads in Figure 7c). In a different way, an in-
crease in the growth temperature up to 500 °C resulted in
the disappearence of stacking faults and in the presence of
V-shaped grains oriented perpendicularly to the c-axis (Fig-
ure 7d). All ED patterns and HRTEM images recorded in
various sample regions confirmed the presence of β- and ε-
Fe2O3 for samples synthesized in dry O2 and in O2 + H2O,
respectively, in agreement with XRD results (see above and
Figure 1).
Figure 7. HRTEM and ED investigation of β- and ε-Fe2O3 nanom-
aterials. (a) β-Fe2O3 (400 °C) and (b) β-Fe2O3 (500 °C) imaged
along the [–113] and [011] zone axes; (c) ε-Fe2O3 (400 °C) and (d)
ε-Fe2O3 (500 °C) imaged along the [010] zone axis. In each case, a
corresponding structural model is shown in the inset (Fe atoms =
red; O atoms = blue).
To further elucidate the system structural features, scan-
ning TEM-EELS (STEM-EELS) investigation was per-
formed. In this context, the attention was mainly focused
on the ε-Fe2O3 specimen synthesized at 400 °C because of
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its interesting 1D morphology (Figure 8). High angle annu-
lar dark field-STEM (HAADF-STEM) images, also known
as Z-contrast or mass-thickness contrast images, confirmed
the columnar system morphology, as already evidenced by
FESEM analyses (compare Figures 8a,b and 4). The uni-
form image contrast throughout the whole deposit thick-
ness within individual aggregates suggested that no clearly
visible inclusions/inhomogeneities were present. A deeper
investigation was performed by recording spatially resolved
EELS chemical maps through the SI technique.[18] Using
this technique, the STEM electron probe was scanned over
the specimen step by step to acquire an EELS spectrum in
each point. Acquisition of the O–K, Fe–L2,3, and Si–L2,3
EELS edges and subsequent integration of the recorded in-
tensity thus enabled us to reconstruct the Si, O, and Fe
maps of Figure 8a, thereby unequivocally confirming a high
chemical homogeneity. As a matter of fact, the fine struc-
ture of metal L2,3 edges in transition-metal oxides is known
to be very sensitive to the coordination environment of the
probed species, in particular when EELS experiments are
carried out at high energy resolution.[26] To investigate the
occurrence of possible changes in Fe oxidation state/coordi-
nation in the near surface layers, the Fe–L2,3 edge fine struc-
ture was investigated at the tip of a single ε-Fe2O3 rod. A
comparison of spectra in Figure 8c did not show any ap-
preciable variation in the Fe–L2,3 fine structure upon going
from the surface to the inner layers, and no shifts in the L2
or L3 subpeaks were observed (see the dotted lines). In all
cases, the Fe edge presented a weak L3 prepeak located at
708.0 eV in combination with a L3 maximum at 709.5 eV.
Figure 8. STEM-EELS investigation of a ε-Fe2O3 sample grown at
400 °C. (a) HAADF-STEM overview images of the sample and
corresponding elemental maps extracted from STEM-EELS experi-
ments by integration of the intensity under the O–K, Fe–L2,3, and
Si–L2,3 EELS edges. (b, c) Fe–L2,3 EELS fine-structure analysis of
the tip of a single ε-Fe2O3 rod. Spectra 1–6 in (c) are averaged from
the regions marked by the white rectangles in the HAADF-STEM
overview image in (b).
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These values, along with a L2 peak split into two subpeaks
at approximately 721 and 723 eV, suggest the occurrence of
a mixture of 3/4 octahedral FeIII centers and
1/4 of tetrahedrally coordinated ones, as expected for ε-
Fe2O3.[1b] Overall, these data indicate that the coordination
and valency of the Fe centers can be considered uniform
throughout the whole deposit thickness, thus confirming
the successful fabrication of phase-pure ε-Fe2O3 nanorods.
Conclusion
In this work, we have presented a study on the growth
and advanced nanoscopic characterization of β- and ε-
Fe2O3 nanomaterials obtained by CVD. Starting from our
previous preliminary results, this investigation has been sig-
nificantly extended to the systematic development of the
target nanostructures on Si(100) at temperatures that range
from 400 to 550 °C. In addition, the effect of the growth
atmosphere (dry oxygen, or oxygen and water vapor) was
also studied. An advanced characterization that, to the best
of our knowledge, has no literature precedents, was per-
formed in parallel with the fabrication process to elucidate
the interplay between the synthesis parameters and the sys-
tem structural, compositional, and morphological proper-
ties. The results showed that phase-pure β-Fe2O3 and ε-
Fe2O3 could be selectively obtained by varying the sole re-
action atmosphere. Furthermore, a controllable morpho-
logical evolution from aligned nanorods to rather compact
deposits was observed as a function of growth temperature
by using a wet deposition environment. Detailed HRTEM
and EELS analyses revealed that the target materials ex-
posed low index surfaces and possessed a high structural
homogeneity throughout the entire deposit thickness, thus
highlighting the fine control achieved on the system phase
composition and iron coordination environment. For the
first time, EELS fine structure analysis was performed, en-
abling a very detailed insight into Fe surface coordination.
The selective obtainment of supported β- and ε-Fe2O3
nanostructures with tailored properties paves the way to a
plethora of advanced technological applications, from mag-
netism to solid-state gas sensing, up to photoactivated hy-
drogen production from renewable sources. Research efforts
along these directions are already under way, with particu-
lar attention on the control of system performances as a
function of the corresponding morphological organization.
Experimental Section
General: In this work, [Fe(hfa)2(tmeda)] (hfa = 1,1,1,5,5,5-hexa-
fluoro-2,4-pentanedionate; tmeda = N,N,N,N-tetramethylethyl-
enediamine) was chosen as the iron molecular source, and synthe-
sized following a recently reported procedure.[21,27] CVD of Fe2O3
nanomaterials was carried out using a horizontal cold-wall reaction
system with an external precursor reservoir.[28] Depositions were
performed for 60 min on p-type Si(100) substrates (MEMC, Mer-
ano, Italy; size: 10 mm10 mm1 mm), which were subjected to
a cleaning procedure before each experiment.[29] The growth tem-
perature was varied in the range 400–550 °C. In a typical deposition
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process, precursor powders (weight = 0.3 g) were placed in an exter-
nal glass reservoir, heated at 60 °C by an oil bath, and transported
into the reaction chamber through metal gas lines maintained at
120 °C. For CVD experiments under dry O2 (total pressure =
3.0 mbar), precursor vapors were introduced into the reactor by a
20 sccm oxygen flow (purity = 6.0), while an independent 20 sccm
O2 flow was directly supplied to the CVD chamber. For growth
processes under O2 + H2O atmospheres, the O2 flow rate was set
at 100 sccm for both the carrier and the auxiliary lines, and a water
reservoir kept at 50 °C was introduced in the latter. Under these
operating conditions, the total reactor pressure and H2O partial
pressure were 10.0 and 1.5 mbar, respectively.[29,30]
XRD patterns were collected at a fixed incidence angle of 1.0° with
a Bruker D8 Advance diffractometer equipped with a Göbel mirror
using a Cu-Kα source powered at 40 kV, 40 mA.
XPS analyses were carried out with a Perkin–Elmer Φ 5600ci spec-
trometer using a standard Al-Kα source (hν = 1486.6 eV). Binding
energies (BE; standard deviation = 0.2 eV) were corrected for
charging effects by assigning a position of 284.8 eV to the adven-
titious C1s photopeak.[31] After a Shirley-type background subtrac-
tion, raw XPS spectra were fitted using Gaussian–Lorentzian peak
shapes. Atomic compositions were evaluated using sensitivity fac-
tors provided by Φ V5.4A software (Perkin–Elmer). Ar+ sputtering
was carried out at 3.0 kV, with an argon partial pressure of
510–8 mbar.
FESEM and EDXS analyses were performed at primary beam
voltages between 10 and 20 kV with a Zeiss SUPRA 40VP instru-
ment equipped with an Oxford INCA X-Sight detector. Cross-sec-
tional line-scan analyses were recorded by monitoring O-Kα, Fe-Kα,
and C-Kα profiles. The mean nanoaggregate sizes were evaluated
through the SmartSEM software by averaging over 20 independent
measurements. Growth-rate values were calculated as the ratios be-
tween the overall deposit thickness, which was evaluated by
FESEM cross-sectional measurements, and the deposition duration
(60 min, see above).
AFM images were collected with a NT-MDT SPM Solver P47H-
PRO instrument operated in tapping mode and in air. After a
plane-fitting procedure, RMS roughness values were estimated on
22 μm2 micrographs.
HRTEM and ED experiments were carried out with a FEI Tecnai
G2 30 UT microscope and an aberration-corrected FEI Titan
“cubed” microscope, both operated at 300 kV. Specimens for cross-
sectional observations were prepared by mechanical polishing
down to a thickness of approximately 20 μm followed by Ar+ ion
erosion under a grazing angle. STEM-EELS and HAADF-STEM
experiments were performed with the same Titan microscope op-
erating at 120 kV in probe-corrected STEM mode, with the electron
monochromator excited to provide an energy resolution of approxi-
mately 250 meV. The convergence and inner acceptance semi-angles
were set at 18 and 160 mrad, respectively. Data plotted in Figure 8c
are extracted from 104 pixel-wide regions of a 93114 pixel
spectrum image, taken from the region imaged in Figure 8b.
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2.3 Magnetic properties of β and -Fe2O3 nanosys-
tems
-Fe2O3 has attracted a great attention thanks to its giant room-temperature coercive
field, a strategic feature for high-coercivity recording media and for the use in tuneable
electric/magnetic field or multiple-state memory devices. In addition, its ferromagnetic
resonance close to 190 GHz makes -Fe2O3 strongly absorbing in the mm wavelength
range, in which wireless telecommunication technology operates.28,29,31,36,84
On the other hand, β-Fe2O3 is the only iron oxide presenting a paramagnetic behaviour
at room temperature.5,23
In spite of the intriguing magnetic characteristics of both β- and -Fe2O3, a deeper
study on their structure-properties interrelations has been so far prevented by the ab-
sence of viable preparation routes. To this regard, the developed CVD synthetic protocol
(section 2.2) can offer an amenable and versatile pathway for the fabrication of the above
materials. Under selected growth conditions (deposition temperature of 400℃ and 500℃,
see section 2.2 and Table 2.1), Si(100) supported β- and -Fe2O3 nanomaterials have been
deposited and their magnetic properties have been characterized in detail, taking also into
account the dependence of their structure and morphology on the growth temperature.
To this regard, -Fe2O3 nanomaterials deposited at 400℃, characterized by the pres-
ence of aligned rod-like nanostructures, represented an interesting case study to investi-
gate the interplay between nanoscale organization and magnetic properties. The shape
of hysteresis loops were found to be dependent on the applied magnetic field direction,
a phenomenon that was attributed to the presence of a hard magnetic axis out of the
system surface, related to the crystallographic orientation of these rod-like structures.
Upon applying a magnetic field parallel to the substrate surface, -Fe2O3 nanomaterials
showed open hysteresis loop and no magnetization saturation at high fields. At room
temperature this feature suggested the lack of ferrimagnetic order and resulted in a meta-
magnetic or canted antiferromagnetic structure (see Appendix C.1). The coercive fields
were estimated to be 7.2 kOe (at 5 K) and 2.0 kOe (at 300 K), higher and lower, respec-
tively, than those previously reported for -Fe2O3 nanosystems.
93 The presence of high
magnetic anisotropies was suggested, paving the way to possible enhancements through
further optimization in the design of -Fe2O3 nanomaterials.
β-Fe2O3 nanomaterials presented a linear dependence of magnetization on the applied
field below and above Ne´el temperature (TN = 117 K), corresponding to antiferromagnetic
(T < TN) and paramagnetic (T > TN) regimes, respectively (see Appendix C.1).
23
Further details on the material synthesis, characterization and magnetic properties are
reported in the following communication41 (reprinted with the permission of The Royal
Society of Chemistry). Attractive perspectives for further developments of the present
work concern a deeper insight into relationships between the system morphology and the
42 Fe2O3 nanosystems by thermal CVD
pertaining magnetic properties.
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Supported e- and b-Fe2O3 are synthesized by a chemical vapor
deposition (CVD) strategy, yielding systems with controllable
morphologies from nanorods (e) to square-like pyramids (b). The
hard magnetic properties of e-Fe2O3 and the antiferro/paramag-
netic behavior of b-Fe2O3 are directly influenced by the system
morphological organization and structural orientations.
Iron(III) oxides have attracted a great share of attention for
applications in magnetic devices, whose performances can be
directly tuned by controlling their phase composition.1–4 Among
the various Fe2O3 polymorphs, e- and b-Fe2O3 are the rarest phases
with a scarce natural abundance.1,2,5–7 e-Fe2O3 possesses an
orthorhombic non-centrosymmetric structure, with iron(III) atoms
occupying both tetrahedral (Td) and octahedral (Oh) sites
(Fig. 1).5,8,9 Recently, this phase has been the focus of intensive
studies due to its giant room-temperature coercive field, a strategic
feature for high-coercivity recording media,1,8,10,11 and for use in
tunable electric/magnetic field or multiple-state memory devices.2
Due to the ferromagnetic resonance close to 190 GHz, e-Fe2O3 is
strongly absorbing in the mm wavelength range, in which wireless
telecommunication technology operates.12,13 Nevertheless, key
open challenges for such applications are the e-Fe2O3 existence
only in nano-organized forms and the difficulty in obtaining it as a
single-phase material, due to the narrow temperature window
stability.14,15 As concerns b-Fe2O3, it presents a C-type rare-earth
sesquioxide structure (bixbyite), with a face-centered cubic array of
cations and O atoms occupyingL of the tetrahedral holes, ideally
having a simple cubic packing (Fig. 1). This polymorph,
possessing attractive catalytic and optical properties,16 is the only
one in the Fe(III)–O system presenting a paramagnetic behavior at
room temperature,3,5,10 but its viable preparation is still an open
issue.1,5 As a consequence, a deeper insight into the structure–
property interrelations of e- and b-Fe2O3 relies on the development
of synthetic routes enabling the independent control of phase
composition and morphology. In particular, the implementation
of e- and b-Fe2O3 in technological devices requires the synthesis of
supported, rather than powdered, materials, which undoubtedly
deserve further studies.8,14,15
In this work, we report the synthesis of single-phase supported
e- and b-Fe2O3 nanosystems by chemical vapor deposition (CVD).
We show that the proposed approach (see ESI3) is a versatile
pathway for the preparation of the above materials with a
controllable nano-scale assembly. Beyond the analysis of the main
structural–morphological system features, this communication
reports on the magnetic properties of CVD-derived e and b iron(III)
oxide polymorphs. To the best of our knowledge, to date no
similar studies have ever been reported.
In order to perform a detailed analysis on the system
microstructure, bi-dimensional X-ray diffraction (XRD2) experi-
ments were carried out, and representative images are displayed in
Fig. 1 along with the corresponding integrated patterns. Phase
attribution based on the latter confirmed the occurrence of
e-Fe2O3
17 and b-Fe2O3
18 under the present CVD conditions. In
addition, 2D diffraction images evidenced in both cases the
presence of discontinuous Debye rings (i.e., variations in the
diffracted intensity along one single ring), indicating the
occurrence of preferred orientations.19,20 Simulations of the
experimental patterns21 enabled us to identify the presence of
[013] and [001] orientations for e- and b-Fe2O3, respectively.
The system phase purity and orientation were strongly
dependent not only on the reaction atmosphere, but also on the
growth temperature. As shown in the ESI3 (Fig. S1a), for e-Fe2O3
systems the increase of the growth temperature by 100 K resulted
in the appearance of a-Fe2O3 reflections. This result is in
agreement with previous findings on iron oxide films deposited
by plasma-assisted CVD,22 for which higher deposition tempera-
tures favoured the formation of the more thermodynamically
stable a phase. Regarding b-Fe2O3 nanomaterials (Fig. S1b, ESI3), a
similar variation in the deposition temperature did not produce
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remarkable differences and no other polymorphs were detected,
highlighting a higher b-Fe2O3 stability under the present condi-
tions.
The diverse phase composition corresponded to a different
morphological organization, as evidenced by field emission-
scanning electron microscopy (FE-SEM) (Fig. 2). In particular,
e-Fe2O3 was characterized by uniformly distributed nanorods
aligned perpendicularly to the substrate surface, with a diameter
of 80¡ 10 nm and a length of 350¡ 30 nm (average aspect ratio
#4) (Fig. 2a). In a different way, b-Fe2O3 nanomaterials presented
well interconnected square-shaped nanopyramids, with a mean
size of 200¡ 30 nm and an overall deposit thickness of 650¡ 30
nm. Since the (001) plane was parallel to the system surface (see
above), the nanopyramid facets are foreseen to be in the {111}
planes, as indicated in Fig. 2b.
The magnetic field and temperature dependence of magnetiza-
tion were investigated as a function of Fe2O3 phase composition.
Fig. 3 displays the b-Fe2O3 magnetization vs. temperature curve
recorded upon application of a 50 kOe magnetic field parallel to
Fig. 2 Plane-view (left and centre pictures) and cross-sectional (right pictures)
FE-SEM micrographs for (a) e-Fe2O3 and (b) b-Fe2O3 nanomaterials supported
on Si(100).
Fig. 1 XRD2 images and conventional diffraction patterns for (a) e-Fe2O3 and (b) b-Fe2O3 nanosystems supported on Si(100) (growth conditions: O2 + H2O
atmosphere, 673 K, and dry O2 atmosphere, 773 K, respectively). Reflections due to e- and b-Fe2O3 are marked by + and *, respectively, and indexed in the ESI.3 The
corresponding structural models are also displayed, highlighting the (013) and (001) planes (see text).
Fig. 3 Temperature dependence of the magnetic moment per unit surface for
b-Fe2O3 nanomaterials.
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the substrate surface. The maximum observed at 117 K
corresponds to the Ne´el temperature (TN) of this phase.
7 In fact,
the sample’s magnetization exhibited a linear dependence on the
applied field below and above TN (Fig. S5, ESI3), corresponding to
the antiferromagnetic and paramagnetic regimes, respectively. At
low fields, only a weak magnetic contribution was observed,
characterized by an open hysteresis at 5.0 K with a coercive field of
0.5 kOe (Fig. S6, ESI3). This result suggested the presence of a few
oxide nanoparticles characterized by weak ferro- or ferrimagnetic
order.
The magnetic properties of e-Fe2O3 nanomaterials were
different from b-Fe2O3 ones. As a matter of fact, hysteresis loops
measured at both 5 and 300 K applying the magnetic field parallel
to the substrate surface were open, and no magnetization
saturation at high fields was observed (Fig. 4a). At room
temperature this feature suggests the lack of ferrimagnetic order,
as proposed for e-Fe2O3, but the magnetic structure type—
metamagnetic or canted antiferromagnetic1,14,15,23—could not be
unambiguously identified. The coercive fields were estimated to be
7.2 kOe (at 5 K) and 2.0 kOe (at 300 K), higher and lower,
respectively, than those reported for an e-Fe2O3 nanosystem.
11 In
addition, at variance with nanoparticles with the same phase
composition, the magnetization vs. temperature curve (Fig. S7,
ESI3) did not show any drop related to structural–magnetic
transitions1 below 100–150 K, suggesting a different magnetic
structure.
The interrelations between nanoscale organization and mag-
netic properties are evidenced by comparing the shapes of the
hysteresis loops measured applying the magnetic field parallel
(Fig. 4a) or perpendicularly (Fig. 4b) to the substrate surface. In
fact, the coercive fields in the last configuration (4.5 and 0.9 kOe at
5 K and 300 K, respectively) were smaller than the ones discussed
above. This difference could be related to the magnetic shape
anisotropy of the target e-Fe2O3 specimen, but the entity of this
contribution itself cannot produce such changes, due to the small
magnetization of this polymorph [saturation induction (BS) # 1.2
kOe]. As a consequence, a more likely explanation is the presence
of a hard magnetic axis out of the system surface, related to the
system crystallographic orientation (see above and Fig. 1a).14 It is
also worth noting that the in-plane coercive field at room
temperature, 2.0 kOe, is smaller than the values reported for
randomly oriented single-domain nanoparticles (20 kOe)11 and for
epitaxial nanostructures (9.0 kOe).14 As a matter of fact, the
coercive field can be related to the magnetic anisotropy of the
analyzed e-Fe2O3,
1 which, in turn, depends on the system structure
and nano-organization. In general, the coercive fields of isolated
nanoparticles should be larger than those of nano-organized
structures. In fact, for the former systems, the reversal process of
magnetization occurs through its coherent rotation, whereas for
the latter materials it involves the nucleation, propagation and
pinning of domain walls. Nevertheless, despite the small coercive
field, the hysteresis cycle was open up to 20 kOe (40 kOe at 5 K),
suggesting the presence of high magnetic anisotropies and paving
the way to possible enhancements through an optimized design of
e-Fe2O3 nanomaterials.
In conclusion, this work has presented a CVD strategy for the
synthesis of supported e- and b-Fe2O3 nanomaterials. A careful
control of the reaction atmosphere (O2 + H2O vs. dry O2) and
growth temperature (673–773 K) was a key issue in order to tailor
phase composition, structure and nano-organization, from aligned
spiral-type nanorods to square-like pyramids. Interestingly, the
system magnetic properties are influenced by their morphological
and structural features, as well as by their magnetic multi-domain
structure. In this regard, attractive perspectives for further
developments of the present work concern a deeper insight into
relationships between the system morphology and the pertaining
magnetic properties. Such studies might stimulate both funda-
mental and applicative advancements, with regard to the
implementation of e- and b-Fe2O3 nanomaterials in technological
applications like telecommunications, hard magnets, magneto-
ferroic and information storage devices.
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Experimental  
A cold-wall horizontal CVD apparatus was adopted for the synthesis of iron oxide systems, using 
Fe(hfa)2•TMEDA as a molecular source (hfa = 1,1,1,5,5,5 - hexafluoro - 2,4 - pentanedionate; 
TMEDA = N,N,N',N' – tetramethylethylenediamine; vaporization temperature = 333 K).R1,R2 
Growth temperature and pressure were set at 673 K, 10 mbar (ε-Fe2O3) and 773 K, 3 mbar 
(β-Fe2O3). Precursor vapors were transported towards the deposition zone by an O2 flow (purity = 
6.0; rate = 100 and 20 sccm for ε-Fe2O3 and β-Fe2O3, respectively) through gas lines heated at 393 
K. In the case of ε-Fe2O3, an auxiliary oxygen flow (100 sccm) was introduced separately into the 
reaction chamber after passing through a water reservoir maintained at 323 K. Depositions were 
carried out for a total duration of 60 min on p-type Si(100) substrates (MEMC®, Merano, Italy, 10 
mm × 10 mm × 1 mm), subjected to an established pre-cleaning procedure aimed at removing 
surface contamination.R3 
XRD2 images were collected by a Dymax-RAPID X-ray microdiffractometer, with a cylindrical 
imaging plate detector, that allows collecting diffraction data in the ranges 2θ = 0 − 160° 
(horizontally) and 2θ = -45 − +45° (vertically) upon using CuKα radiation. The incident beam 
collimators enable different spot sizes to be projected onto the sample. In this work, measurements 
were made in reflection mode, adopting a collimator diameter of 300 μm and an exposure time of 
30 min for each XRD2 pattern. 
FE-SEM micrographs were collected by a Zeiss SUPRA 40VP instrument, with primary beam 
voltages between 10 and 20 kV. 
XPS analyses were carried out by a Perkin-Elmer Φ5600ci spectrometer at pressures lower than 
1×10-8 mbar, using a non-monochromatized AlKα source (hν = 1486.6 eV). After a Shirley-type 
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background subtraction, raw XPS spectra were fitted by a nonlinear least-squares deconvolution 
adopting Gaussian-Lorentzian peak shapes. The reported BEs (standard deviation = ± 0.2 eV) were 
corrected for charging effects by assigning to the C1s line of adventitious carbon a position of 284.8 
eV. 
Magnetic measurements were performed using a SQUID magnetometer (Quantum Design MPMS) 
operating in the 3.0 − 300 K temperature range, with an applied field up to 50 kOe. Magnetic 
moments of the investigated systems were obtained by subtracting the Si(100) diamagnetic 
contribution, that was independently measured on a bare substrate of the same dimensions. The 
magnetic moment was normalized to the system geometrical area. 
 
 
Structural characterization: XRD2 analysis 
 
In Figs. 1a and S1a, the peaks located at 2ϑ = 27.6°, 29.9°, 32.8°, 35.2°, 36.4°, 37.9°, 40.1°, 41.3°, 
45.2°, 45.7°, 49.2°, 52.9°, 61.1°, 62.7° and 65.9° can be assigned respectively to the (112), (013), 
(122), (200)/(130), (201), (211)/(004), (202)/(132), (212), (222), (203)/(133), (142)/(015), 
(204)/(134), (205)/(135), (116), (323) reflections of orthorhombic ε-Fe2O3.R4 
In Figs. 1b and S1b, the peaks at 2ϑ = 23.1°, 32.9°, 38.2°, 40.6°, 45.1°, 49.4°, 55.2°, 60.7°, 64.1°, 
65.8 and 67.4° can be attributed respectively to the (211), (222), (400), (411), (332), (431), (440), 
(611), (541), (622) and (631) reflections of cubic β-Fe2O3.R5 
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Fig. S1. XRD2 images and conventional diffraction patterns for: (a) an ε-Fe2O3-based sample, grown on 
Si(100) under O2 + H2O atmosphere at 773 K; (b) a β-Fe2O3 sample, deposited on Si(100) under dry O2 at 
673 K. Reflections due to ε-, β- and α-Fe2O3 are marked by +, * and §,R6 respectively. 
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Morphological characterization: FE-SEM analysis 
Morphological analyses evidenced a significant dependence of the system features not only on the 
reaction atmosphere, but also on the selected growth temperature. In particular, the nanodeposit 
containing both ε- and α-Fe2O3 (obtained at 773 K) presented well interconnected agglomerates 
(Fig. S2a), giving rise to a compact system remarkably different from the nanorods observed for 
phase-pure ε-Fe2O3 (673 K, Fig. 2a). On other hand, the β-Fe2O3 nanodeposit obtained at 673 K 
(Fig. S2b) presented a morphology relatively similar to the homologous one produced at 773 K (Fig. 
2b), apart from a lower thickness (400±20 vs. 650±30 nm).  
200 nm
200 nm 200 nm
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30 nm
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Fig. S2. Plane-view (left and centre pictures) and cross-sectional (right pictures) FE-SEM micrographs for 
(a) ε-Fe2O3 and (b) β-Fe2O3 nanomaterials, supported on Si(100). Growth conditions as in Fig. S1.
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Compositional characterization: XPS analysis 
The nanosystem chemical composition was investigated by XPS analysis, confirming the presence 
of iron(III) oxide. The presence of carbon (≈ 30 at. %) was related to surface contamination upon 
air exposure, since the C1s signal fell to noise level after a few minutes of Ar+ erosion (4.5 kV, 
argon partial pressure = 5×10-8 mbar). No fluorine contamination was observed, confirming the 
clean decomposition of the adopted precursor into Fe2O3 under the present CVD conditions. 
The Fe2p photoelectron peak (Fig. S3) presented two components, Fe2p3/2 and Fe2p1/2, with binding 
energies (BEs) of 711.2 and 725.0 eV (SI, Fig. S3), attributed to Fe(III) in Fe2O3.R7,R8 
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Fig. S3. Surface Fe2p photoelectron peaks for ε-Fe2O3 and β-Fe2O3 nanosystems deposited on Si(100) 
(growth conditions: O2 + H2O atmosphere, 673 K, and dry O2 atmosphere, 773 K, respectively). 
 
Irrespective of the phase composition, the surface O1s photopeak (Fig. S4) was fitted by two 
different bands. The peak (II), at BE = 531.9 eV could be attributed to the presence of absorbed 
hydroxyl/carbonates groups arising from atmospheric contamination, whereas a more intense signal 
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(I), at BE = 530.1 eV, corresponded to lattice oxygen from the Fe2O3 matrix.R5,R6 Correspondingly, 
the surface O/Fe ratio (1.9) was higher than the expected stoichiometric value for Fe2O3. 
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Fig. S4. Representative surface O1s photoelectron peaks for an ε-Fe2O3 sample deposited on Si(100) (growth 
conditions: O2 + H2O atmosphere, 673 K).  
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Magnetic measurements 
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Fig. S5. Magnetic field dependence of the magnetization for phase-pure β-Fe2O3 nanosystems supported on 
Si(100) (growth conditions: dry O2 atmosphere, 773 K) at 5 and 300 K. The magnetic field was applied 
parallel to the substrate surface. 
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Fig. S6. Detail of the magnetic field dependence of the magnetization for phase-pure β-Fe2O3 nanosystems 
deposited on Si(100) (growth conditions as in Fig. S5) measured at 5 K after subtracting the high field linear 
contribution. The loop exhibits a coercive field of 0.5 kOe and is not closed up to 30 kOe, indicating the 
presence of few weak ferro- or ferrimagnetic nanoparticles in the present systems. The magnetic field was 
applied parallel to the substrate surface. 
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Fig. S7. Temperature dependence of the magnetization per unit surface of phase-pure ε-Fe2O3 nanosystems 
deposited on Si(100) (growth conditions as in Fig. S4), measured applying a magnetic field of 50 kOe 
parallel to the substrate surface. 
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2.4 β-Fe2O3 nanosystems as Li-ion battery anodes
The development of electrode materials for rechargeable Li-ion batteries (LIBs) repre-
sents a strategic challenge in view of eventual applications in electrical vehicles, portable
electronic tools and implantable medical devices.94
In the search for high storage capacity and cost-effective anode materials, d -block tran-
sition metal oxides are drawing a considerable interest and, in particular, iron(III) oxide
systems (mainly α-Fe2O3) have emerged as alternative anode systems with very attractive
electrochemical performances. These materials can reversibly react with lithium, yielding
Li2O and Fe during the electrochemical conversion process (see Appendix C.2).
94–96
On the other hand, the use of electrodes based on α-Fe2O3 presents some drawbacks,
such as the performance loss upon cycling, limiting their applicative potential.15,97 As a
consequence, fundamental research in this field is still necessary and highly demanded.
In this context, the preparation of electrodes with tailored structure, composition and
morphology at the nanoscale can offer several advantages, such as a short Li-ion transport
distance and a large electrolyte-electrode contact area. These features, in turn, enable
faster reactions, and a more efficient strain accommodation upon Li intercalation.3,98,99
To this regard, the preparation of iron oxide polymorphs different from hematite can
disclose interesting perspectives, also considering that their behaviour as LIB anodes is
completely unknown up to date.
On the basis of the successful results obtained in the synthesis of iron oxide poly-
morphs different from hematite (see section 2.2), the present section reports on the CVD
of β-Fe2O3 nanostructures supported on metallic Ti, grown under dry O2 at two different
deposition temperatures (400 and 500℃). Interestingly, the present route, allowing the
direct deposition of the target systems onto conductive substrates, enabled to avoid pro-
cessing steps commonly adopted for powdered specimens, such as the slurry casting onto
current collectors after mixing with conductive additives.100,101
Irrespective of the growth temperature, GIXRD analyses evidenced the obtainment of
single-phase β-Fe2O3 nanosystems, with a lowered material crystallinity at 500℃, due to
the well-known thermal instability of the metastable β-Fe2O3.
35 Interestingly, a parallel
morphological evolution occurred since, as evidenced by FE-SEM images, at 400℃ the
system topography was characterized by well-interconnected nanopyramids (mean size =
160 nm), that evolved to more compact rounded nanopillars at 500℃ (mean size = 230
nm). The surface and in-depth composition, analyzed by XPS and SIMS, revealed the
presence of the sole Fe2O3, with a high purity and homogeneity.
Subsequently, these systems were characterized as LIB anodes with Li as counter elec-
trode, studying their electrochemical properties with respect to Li insertion/extraction.
Step potential electrochemical scanning evidenced a good reversibility of the ongoing re-
actions. A deeper insight was gained by discharge/charge galvanostatic curves, analysing
also the cycling properties of β-Fe2O3 electrodes under various specific capacity regimes
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(see Appendix C.2). The measured capacity values were higher than the theoretical ones,
highlighting the electrolyte participation to the electrochemical process and the formation
of a solid electrolyte interface (SEI).95 The sample grown at 400℃ (average capacity =
1300 mA×h×g−1) showed higher performances with respect to the 500℃ one, due to
its higher crystallinity. These results compared favourably with previous literature data
on similar systems,15,97,102 and, in particular, the good capacity retention even after 100
cycles is an attractive feature in view of an eventual technological utilization.
In conclusion, β-Fe2O3 anodes were prepared by an optimized CVD process, that
enabled to modulate their crystallinity and morphology by variations of the sole growth
temperature. Their electrochemical properties, investigated for the first time in this work,
open intriguing perspectives for their possible use as Li-ion battery anodes, whose perfor-
mances could be further engineered by an advanced design of β-Fe2O3 materials. Details
on the material synthesis, characterization and electrochemical properties are reported
in the following communication40 (reprinted with the permission of WILEY-VCH Verlag
GmbH & Co.).
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Vapor-Phase Fabrication of b-Iron Oxide Nanopyramids for Lithium-Ion
Battery Anodes
Giorgio Carraro,[a] Davide Barreca,*[b] Manuel Cruz-Yusta,[c] Alberto Gasparotto,[a] Chiara Maccato,[a]
Julin Morales,[c] Cinzia Sada,[d] and Luis Snchez*[c]
In the last decade, great attention has been devoted to the de-
velopment of electrode materials for rechargeable Li-ion bat-
teries (LIBs), in view of eventual applications in electrical vehi-
cles, portable electronic tools, and implantable medical devi-
ces.[1] In this context, nanostructured electrodes can offer sev-
eral advantages, such as a short Li-ion transport distance and
a large electrolyte–electrode contact area, enabling, in turn,
faster reactions, and a more efficient strain accommodation
upon Li intercalation.[1] Among the possible candidates for LIB
anodes, d-block transition-metal oxides are drawing a consider-
able interest.[2] In particular, iron(III) oxide systems (mainly a-
Fe2O3) are a preferred choice over more studied materials,
thanks to their low cost, non-toxicity, and large abundance in
the earth crust.[1] Similarly to other oxides, such as Cu and Co
ones, Fe2O3 can reversibly react with lithium, yielding Li2O and
Fe nanoparticles (NPs) during the electrochemical conversion
process.[3] Nevertheless, the rapid capacity loss upon cycling
observed for this oxide has prompted the development of
electrodes working at high charge/discharge rates (rate capa-
bility).[4–6] In fact, further advancements to overcome a-Fe2O3
drawbacks rely on controlling and tailoring material nano-or-
ganization and phase composition.[7,8] To this regard, a chal-
lenging option is offered by the preparation of other iron
oxide polymorphs, such as b-Fe2O3, one of the least investigat-
ed ones, whose behavior as LIB anode is completely unknown
up to date.[9,10] Thus, the design of pure b-Fe2O3 nanomaterials
can disclose attractive perspectives for utilization in this field.
Herein, we report a fabrication protocol for the synthesis of
supported b-Fe2O3 nanostructures with a tailored morphologi-
cal organization. The systems were grown by chemical vapor
deposition (CVD) on polycrystalline titanium substrates at tem-
peratures of 400–500 8C. The proposed strategy is a convenient
route to avoid further processing steps commonly adopted for
powdered specimens, such as the slurry casting onto current
collectors after mixing with conductive additives.[5] In addition,
since CVD is a non-equilibrium technique, it represents an
amenable route to synthetize material polymorphs hardly at-
tainable by other preparation methods. In the following, after
the characterization of the system microstructure, morphology
and chemical composition, we show that the present nanoma-
terials can work as lithium-battery anodes with promising elec-
trochemical performances.
X-ray diffraction (XRD, Figure S1 in the Supporting Informa-
tion) patterns evidence the sole reflections of cubic b-Fe2O3,
thus indicating the formation of single-phase systems free of
other Fe2O3 polymorphs.
[11] Upon going from 400 to 500 8C, de-
spite no change in the peak positions, their intensity decrease,
suggesting a lowered material crystallinity. This phenomenon
can be related to the well-known thermal instability of b-Fe2O3,
that can usually be obtained only in a narrow temperature
window, explaining thus the crystallinity decrease observed at
the highest adopted growth temperature.[9] These differences
are also reflected by the parallel morphological evolution, as
evidenced by field emission-scanning electron microscopy (FE-
SEM, Figure 1).
Figure 1. Representative FE-SEM micrographs of b-Fe2O3 nanomaterials pre-
pared at 400 8C (a) and 500 8C (b).
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In particular, at 400 8C the system topography is character-
ized by well-interconnected nanopyramids with triangular fac-
eting (mean size=16030 nm), whereas at 500 8C rounded
nanopillars with an average diameter of 23060 nm are ob-
served. These results highlight the possibility of tailoring the
system nano-organization by simple variations of the growth
temperature.
The system chemical composition is analyzed by X-ray pho-
toelectron spectroscopy (XPS, Figures 2a and S2 in the Sup-
porting Information). The presence of iron(III) oxide free from
other Fe oxidation states is confirmed by the Fe2p3/2 binding
energy (BE=711.3 eV, spin-orbit splitting=13.7 eV).[12, 13] The
surface O:Fe atomic ratio of 3.3:1, higher than the stoichiomet-
ric value, is due to an oxygen excess, as observed by the de-
convolution of the O1s photopeak (Figure 2a, inset) with two
contributing bands. The first one (blue, BE=531.9 eV) is due to
OH groups, whereas the second one (green, BE=529.9 eV) is
attributed to lattice oxygen in Fe2O3.
[12,13] The in-depth compo-
sition was investigated by secondary ion mass spectrometry
(SIMS, Figures 2b and S3 in the Supporting Information). The
specimens are highly pure, with negligible carbon content and
possess a well-defined interface with the Ti substrate. The par-
allel trends of iron and oxygen ionic yields throughout the
nanodeposit thickness suggest a common chemical origin of
these species, supporting the homogeneous formation of
Fe2O3. The measured nanodeposit thickness is 39050 nm
(400 8C) and 52060 nm (500 8C).
Subsequently, the electrochemical properties of b-Fe2O3 sys-
tems with respect to Li insertion/extraction were investigated,
in order to evaluate their applicability in lithium batteries. The
main attention is focused on their characterization as anodes
with Li as counter electrode (further details are reported in the
Supporting Information).
The step potential electrochemical scanning (SPES) curves
for Li/b-Fe2O3 cells are displayed in Figure 3a. Their shape is
quite similar to that reported for a-Fe2O3 materials,
[4,5, 14] sug-
gesting that b-Fe2O3 nanosystems undergo similar reactions
during the electrochemical process according to the following
reversible reaction:
Fe2O3 þ 6 LiÐ 2Feþ 3 Li2O ð1Þ
As can be observed, the first cathodic curve exhibits a low-
intensity broad peak around 1.6 V, and a next well-defined one
at 0.8 V. The first peak on the anodic curve is located at 1.0 V,
and is also accompanied by a broader signal from 1.2 to 2.2 V.
The main variations in the second and third curves are the low-
ered peak intensity, the disappearance of the signal at 1.6 V,
and the decrease of the signal at 1.0 V. The peak at 1.6 V in the
cathodic curve corresponds to lithium insertion into b-Fe2O3,
similar to the case of the a-phase,[14,15] whereas the strong
peak at 0.8 V is related to the Fe3+!Fe0 reduction.[14] Below
this peak, the electrolyte decomposition, with the consequent
formation of a solid electrolyte interface (SEI) upon discharge
at low potentials, has been suggested.[3,16] The broad signal ob-
served upon charging can be assigned to a change of the iron
oxidation state in two steps (i.e. Fe0!Fe2+ ,in the range of 1.4–
1.6 V, and Fe2+!Fe3+ at 1.9 V).[14] The peak at 1.0 V in the
anodic scans can be assigned to a partial SEI oxidation.[16]
The maintenance of the main characteristics of SPES curves
suggests a good reversibility of the ongoing reactions, whose
deeper understanding is enabled by discharge/charge galvano-
static curves (Figure 3a, inset). In fact, the intense peak of the
discharge curve appears as a well-defined plateau in the po-
tential/specific capacity curves. For the first discharge, the de-
Figure 2. a) Surface Fe2p photoelectron peaks for b-Fe2O3 samples synthe-
sized at 400 8C (black) and 500 8C (red). Inset : Fitting of the O1s signal for
the specimen grown at 400 8C. b) SIMS depth profile for a b-Fe2O3 sample
deposited at 400 8C.
Figure 3. a) SPES curves for a b-Fe2O3 nanosystem grown at 400 8C (potential
range=3.0–0.0 V, first three cycles, 1 and 3 mark the 1 st and 3rd cycles). The
inset shows the corresponding first galvanostatic curves for the same speci-
men. The dashed line marks the theoretical capacity. b) Specific capacity
values as a function of cycle number delivered by Li/b-Fe2O3 cells.
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livered capacity corresponding to this plateau is close to the
theoretical one for iron(III) oxide (1007 mAhg1, Figure 3a,
inset). Subsequently, the voltage undergoes a slow decrease
down to 0.0 V, delivering an additional capacity of
550 mAhg1. This extra-capacity can be related to the for-
mation of the SEI layer.
Although the charge capacity (1200 mAhg1) is lower than
the corresponding discharge capacity, as usually observed for
transition metal oxides,[14,16,17] it still exceeds the theoretical
value, suggesting thus re-oxidation of the SEI layer catalyzed
by Fe NPs. The anodic peak at 1 V in Figure 3a can indeed
be attributed to this process.[16]
The cycling properties of b-Fe2O3 electrodes under various
specific capacity regimes are shown in Figure 3b [the specific
capacity is defined as C=1007 mAhg1, corresponding to the
rate of fully charging or discharging the cell within 1 h].[6] At
low rates (0.15 C), the delivered capacities on discharge for the
first cycles (for b-Fe2O3 specimens grown at 400 and 500 8C, re-
spectively) are higher than the theoretical value
(1007 mAhg1), confirming the participation of the electrolyte
in the electrochemical process. The peculiar electrode topogra-
phy, already discussed above (Figure 1), can originate from
possible interfacial storage phenomena, explaining the discrep-
ancy between the observed and theoretical capacities. Thus,
an excess of Li can be accommodated at the interfaces of the
nanometer-sized particles (at the solid–liquid and solid–solid
interfaces between the host material and the electrolyte), re-
sulting in an ultimate increase of the stored amount of Li.[18, 19]
The abrupt loss in capacity observed during the first five cycles
(Figure 3b) can therefore be related to the poor reversibility of
electrolyte degradation reaction. This is in agreement with the
intensity decrease observed for the 1 V anodic peak (Fig-
ure 3a).
The best performances recorded for the sample grown at
400 8C (average capacity 1300 mAhg1 after the first four
cycles) are attributed to an improved electronic conduction
through the nanodeposit, favored by its lower thickness—
a key parameter for transition-metal oxide nanodeposits acting
as anodes[20]—and higher crystallinity with respect to the one
grown at 500 8C (see above and Figure S1 in the Supporting In-
formation).
FE-SEM micrographs of b-Fe2O3 electrodes recorded after
electrochemical tests (Figure S4 in the Supporting Information)
are useful to elucidate their different electrochemical respons-
es. For the sample grown at 400 8C, the pristine nanopyramidal
aggregates are no longer observed. In fact, the morphology is
dominated by a dense NP agglomeration, resulting from the
Fe2O3QFe conversion reaction and the electrolyte degradation
products. Conversely, for the electrode prepared at 500 8C the
presence of wrinkles/cracks is attributed to volume changes
occurring upon cycling,[17] further enhanced by the higher
system thickness and mass density (see the Supporting Infor-
mation). The connectivity loss between nanoaggregates de-
creases the electron conduction through the electrode, result-
ing in worse performances than those recorded at very low
rates for the sample grown at 400 8C (compare Figure 3b).
The capacity delivered at higher rates (from 1 C to 10 C,
compare Figure 3b) is affected by the significant differences
observed at 0.15 C, as described above. Thus, the sample
grown at 500 8C exhibits a lower capacity than the homolo-
gous grown at 400 8C, and performances almost overlap upon
increasing the rate, especially at 10 C. In fact, similar particle
sizes (Figure 1) imply comparable distances travelled by Li+
ions, resulting in close capacity values at 10 C for both samples
grown at 400 and 500 8C.
After 75 cycles, the operational regime is changed to 1 C
and 0.15 C, for a total of 20 additional cycles. Although the ca-
pacities of both cells increase, as can be observed in Figure 3b,
the specimen grown at 400 8C shows better performance. In
particular, the corresponding cell is able to deliver a capacity
as high as 500 and 600 mAhg1 at 1 C and 0.15 C, respectively,
with a good capacity retention after 100 cycles. At 5 C, the
same system yields a value of 240 mAhg1, at variance with
the abrupt capacity loss reported by other investigators under
the same conditions.[4, 6]
The lack of the initial capacity recovery at 0.15 C
(1200 mAhg1) can be attributed to the relatively high parti-
cle sizes of the as-prepared material (see above), that should
likely be reduced in order to achieve an improved rate capabil-
ity. It is worth noting that the capacity delivered by the present
electrodes at low rates is superior to that recently reported for
various a-Fe2O3 systems with tailored morphological organiza-
tion.[8,21–23] On the other hand, the present values (1300, 550,
and 400 mAhg1 at 0.15, 1, and 2 C, respectively) compare fa-
vorably with those reported for more complex electrodes, such
as core-shell h-Fe2O3, C-coated porous Fe2O3 and Fe2O3/C com-
posites.[4–6, 24–28]
In summary, we reported on an amenable CVD route for the
preparation of b-Fe2O3 nanosystems, whose structure and mor-
phology could be tailored by tuning the growth temperature.
For the first time, b-Fe2O3 nanosystems were tested as anodes
in lithium batteries. Under optimized conditions, capacity
values of 1300 mAhg1 were obtained at low rates thanks to
the unique electrode nano-organization, their thickness and
mass density being key parameters for their successful electro-
chemical behaviour. Based on these preliminary results, it is
foreseen that further advancements in the design of b-Fe2O3
materials and in the study of nanostructure–property correla-
tions for this polymorph will open attractive perspectives for
the performance optimization in next generation Li-ion batter-
ies. In this regard, attention will be focused on a deeper inves-
tigation of the electrochemical mechanism, devoting particular
efforts to the improvement of the system reversibility. In addi-
tion, a detailed comparison between the electrochemical be-
haviour of b- and a-Fe2O3 polymorphs will be carried out.
Experimental Section
Iron oxide nanostructures were grown by a custom-built cold-wall
CVD apparatus.[29,30] Fe(hfa)2·TMEDA (hfa=1,1,1,5,5,5-hexafluoro-
2,4-pentanedionate, TMEDA=N,N,N’,N’-tetramethylethylenedi-
amine),[31,32] was adopted as iron molecular source and vaporized
at 60 8C. Growth experiments were performed at temperatures of
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400 and 500 8C under electronic-grade O2 atmosphere (total pres-
sure=10.0 mbar, duration=60 min). Depositions were carried out
on polycrystalline Ti substrates (99.7%, Aldrich, thickness=
0.25 mm, size=88 mm2), previously subjected to ultrasonic de-
greasing in dichloromethane, rinsing in isopropanol, and final
drying in air.
Plane-view and cross-sectional FE-SEM images were taken by
a Zeiss SUPRA 40VP instrument, using accelerating voltages be-
tween 10 and 20 kV. The SmartSEM software was used to evaluate
the mean aggregate sizes.
A Perkin-Elmer F5600ci spectrometer with a non-monochromat-
ized AlKa source (hn=1486.6 eV) was used for XPS measurements
at pressures lower than 108 mbar. After a Shirley-type background
subtraction, the raw spectra were fitted by adopting Gaussian–Lor-
entzian peak shapes.
SIMS profiles were recorded by means of a IMS 4f mass spectrome-
ter (Cameca), using a Cs+ primary beam (14.5 keV, 40 nA) and neg-
ative secondary ion detection. Signals were recorded in beam-
blanking mode, in order to improve the in-depth resolution. At the
end of each analysis, the erosion rate was evaluated by measuring
the crater depth through a Tencor Alpha Step profilometer, obtain-
ing thus thickness values.
Electrochemical tests were performed in two-electrode swagelok-
type cells, using lithium as a counter electrode and a Merck battery
electrolyte LP 40 [ethylene carbonate (EC)–diethyl carbonate (DEC),
EC/DEC=1:1 w/w, 1m LiPF6] . b-Fe2O3 nanomaterials supported on
Ti were used as working electrodes. The oxide amount on each
sample was determined by weighing the Ti substrate before and
after iron oxide deposition on a Sartorius microbalance (sensitivi-
ty= 1 mg). Based on the nanodeposit thickness values deter-
mined by SIMS analyses, the average deposit mass density values
were estimated to be 4.5 and 5.6 mgcm3 at 400 and 500 8C, re-
spectively.
SPES curves were recorded at 0.25 mV/0.22 h per step. Galvano-
static tests were performed at different cycling rates, from 0.15 to
10 C. Electrochemical measurements were controlled by a MacPile
potentiostat–galvanostat.
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XRD analyses were performed in the Bragg-Brentano geometry by a Bruker D8 Advance diffractometer, 
using CuKa radiation (l = 1.5418 Å). Figure S1 reports the XRD patterns for the target samples before 
electrochemical processing. The specimen synthesized at 400 °C presented peaks located at 2J = 23.2°, 
33.0°, 38.4° that could be assigned to the (211), (222) and (400) reflections of b-Fe2O3 (bixbyite), with a 
body-centered cubic structure (JCPDS, Card No. 039-0238, 2000). An increase of the growth temperature 
to 500 °C produced a well-detectable decrease of peak intensity, suggesting a lower system crystallinity. 
The average crystallite dimensions were estimated by means of the Scherrer equation, yielding an average 
value of ˜  30 nm irrespective of the adopted growth temperature. 
As a matter of fact, no appreciable diffraction signals could be detected after electrochemical cycling. 
This phenomenon could be attributed to the reactivity of the present nanomaterials upon processing, 
resulting in significant modifications of the system nano-organization, as evidenced by FE-SEM images 
reported in Figure S4. 
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Figure S1. XRD patterns for b-Fe2O3 samples synthesized at 400 and 500 °C before electrochemical 
cycling. Peaks related to Ti substrate are marked by stars.  
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Figure S2. Surface XPS wide-scan spectra for b-Fe2O3 nanodeposits synthesized at 400 and 500 °C. 
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Figure S3. SIMS depth profile for a b-Fe2O3 specimen synthesized at 500 °C.  
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Figure S4. Representative FE-SEM micrographs of b-Fe2O3 electrodes synthesized at 400 °C (a) and 
500 °C (b), after 100 cycles (potential range = 3.0 - 0.0 V).  
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2.5 Photocatalytic pollutant decomposition by α and
β-Fe2O3
The purification of wastewater and air by photocatalytic routes has received a great
attention for a variety of purposes. In this regard, the synthesis of efficient photocatalysts,
possibly activated by solar light, a largely available and intrinsically renewable resource,
represents a main challenge in order to develop sustainable processes for environmental
and human health safeguard.103–106
As already anticipated, α-Fe2O3-based materials show promising performances for such
applications thanks to their efficient solar light absorption, as well as to their inherent
environmentally friendly character.106–108 In spite of such advantages, detrimental re-
combination losses and short diffusion length of photo-generated electrons/holes are open
issues still far from being completely solved.109,110
The most appealing strategies to circumvent these problems involve either a high
control on iron oxide nano-organization (i.e. the preparation of nanowires, nanotube ar-
rays, nanoporous structures, . . .), or the development of other iron(III) oxide polymorphs
possessing more favorable properties.111–113
On this basis, the present section is devoted to the CVD synthesis of both α- and
β-Fe2O3 supported nanomaterials on ITO substrates, highlighting the key role played
by the deposition temperature (400 vs. 500℃, under dry O2 reaction atmosphere) in
tailoring the material crystal phase and nano-organization. In fact, metastable β-Fe2O3
phase obtained at 400℃ transformed into the most thermodynamically stable α-Fe2O3
polymorph at 500℃, in line with previous findings.5,35
Concomitantly, the system morphological organization evolved from arrays of intercon-
nected pyramidal nanoaggregates, at 400℃ , to rounded-like structures, at 500℃. These
different morphologies resulted in a higher RMS roughness of α-Fe2O3 nanomaterials (6
and 66 nm for β-Fe2O3 and α-Fe2O3, respectively). In addition, the prominent absorption
for λ <700 nm (EG = 2.0 and 1.7 eV for α-Fe2O3 and β-Fe2O3, respectively) is appealing
in view of their use in solar light-assisted processes.
These nanostructures were tested in the photo-degradation of methylene blue (MB)
(see Appendix C.3.1), chosen as a model dye to investigate photocatalytic processes in
water solutions for its low volatility and blue color, enabling an easy spectrophotometric
monitoring.105 The activities of the present nanosystems towards MB degradation upon
simulated sunlight irradiation were attractive if compared with other iron oxide nanos-
tructures,106,110 yielding degradation efficiencies of ∼27% after only 1 h of illumination.
As a prototype reaction to evaluate the system activity in air purification, the photo-
assisted removal of NO (see Appendix C.3.1), one of the most common gaseous pollutants
in urban areas, with harmful environmental and health effects,103,104,114 was tested on the
prepared materials. Remarkably, the present work represents the first example of nitrogen
68 Fe2O3 nanosystems by thermal CVD
monoxide photodegradation upon solar light irradiation by using iron-based oxides sys-
tems. Even in this case, the specimen deposited at 500℃ exhibited higher photocatalytic
performances than the 400℃ grown one.
Basing on the performed characterization, a crucial role in influencing the photocat-
alytic performances is likely played by the active area, since the higher roughness of the
sample deposited at 500℃ (see above) appeared to be the main feature responsible for
an improved functional behaviour.
In general, both the results obtained with MB and NO photo-degradation highlight
that the preparation of iron oxide photocatalysts and the control of their characteristics
at the nanoscale can pave the way to their use in water and air purification activated
by solar illumination. Further details on the material synthesis, characterization and
photocatalytic properties are reported in the following submitted manuscript to Applied
Surface Science.
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Abstract 
The development of sunlight-activated and environmentally friendly photo-catalysts for wastewater 
treatment and air purification is an open scientific and technological challenge. In this regard, the 
present work reports on a Chemical Vapor Deposition (CVD) route to phase-pure iron(III) oxide 
nanosystems [-Fe2O3 (hematite) and -Fe2O3 (bixbyite)]. The obtained polymorphs have been 
characterized in detail by means of complementary analytical techniques [X-ray Diffraction (XRD), 
Field Emission-Scanning Electron Microscopy (FE-SEM), Atomic Force Microscopy (AFM), X-
ray Photoelectron Spectroscopy (XPS), Secondary Ion Mass Spectrometry (SIMS) and optical 
absorption]. The synthesized supported Fe2O3 nanomaterials have also been tested in the photo-
degradation of a model organic dye (methylene blue) in the liquid phase, as well as in the photo-
oxidation of NO in air, both activated by simulated solar light. The obtained results, of interest for 
eventual use in water and air purification, are critically discussed as a function of nanosystem 
chemico-physical properties.  
 
Keywords: iron oxide, CVD, photo-catalysis, solar light, degradation. 
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1. Introduction 
The design and synthesis of efficient semiconductor (SC) photo-catalysts activated by solar light 
has received a great attention for the purification of wastewater and air [1-11]. In this context, TiO2 
has been widely studied in various forms due to its chemical/thermal stability and high activity 
towards a broad variety of photo-catalytic processes [4-6]. Nevertheless, the large TiO2 band gap 
(EG  3.4 eV) results in a limited activity under sunlight illumination, since only 4-5% of the overall 
solar radiation can be efficiently exploited [8,12-15]. As a consequence, the fabrication of photo-
catalysts enabling a more efficient sunlight harvesting is a key point for technological applications 
[9,11,16]. In this regard, iron(III) oxides polymorphs (such as: ---Fe2O3) represent a possible 
alternative thanks to their efficient absorption in the visible range, low cost, non-toxicity, and 
chemical stability [4,14,16-25]. Despite these promising properties, the photo-catalytic 
performances of the most stable phase (hematite, -Fe2O3) are detrimentally affected by 
recombination losses and short diffusion length of photo-generated electrons/holes (e
-
/h
+
) 
[7,15,18,26-28]. In order to overcome these drawbacks, efforts have been mainly devoted to: i) the 
Fe2O3 nano-organization control, resulting in the synthesis of nanowires, nanotube arrays, 
nanoporous structures,… [16,18,27,29-32]; ii) the development of different iron(III) oxide 
polymorphs possessing more favourable properties [33]. To this regard, the scarcely investigated -
Fe2O3 has shown promising characteristics in view of eventual applications [19-21,34-37].  
Recently, our research group has dedicated intensive efforts to the fabrication of pure and doped 
Fe2O3 nanomaterials by Chemical Vapor Deposition (CVD) approaches, either thermal or plasma-
assisted, which allow to tailor the system properties and functional behaviour in magnetism, gas 
sensing and photo-assisted H2 production [21,33,36-40]. A main advantage of the developed routes 
consists in the obtainment of supported nanosystems rather than the conventional powders, enabling 
thus: i) to avoid problems associated to catalyst recovery and agglomeration phenomena; ii) to 
directly integrate the target materials into technological devices minimizing, at the same time, the 
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required amount. Basing on these results, in the present manuscript we focus on the selective CVD 
preparation of both the well-known -Fe2O3 phase and the -Fe2O3 one by properly tuning the 
synthesis parameters. After a detailed characterization of supported CVD-derived Fe2O3 
nanostructures, we report, for the first time, on their use for both wastewater treatment [i.e. 
methylene blue (MB) photo-degradation] and air purification (NO photo-oxidation), both triggered 
by simulated sunlight. The removal of nitrogen monoxide, one of the most common gaseous 
pollutants in urban areas, is of great importance due to its harmful environmental and health effects 
[9-11,41] even at ppb levels, complying thus with regulations of engine emissions [42]. 
Nevertheless, to the best of our knowledge only few papers concerning the catalytic NO removal by 
iron-based oxides are available and this process has never been accomplished by photo-activated 
routes [43-44]. On the other hand, the choice of MB as a target dye to follow photo-catalytic 
processes in water solutions is motivated by its low volatility and peculiar blue color, enabling an 
easy spectrophotometric monitoring during degradation experiments [24]. Despite Fe2O3 
nanomaterials have been widely used for photo-assisted purification of aqueous solutions 
containing various compounds (such as dimethyl sulfoxide [31], phenol [22], Orange II [15], 
Rhodamine B [4], salicylic acid [32], …), only few works have been devoted to MB photo-catalytic 
degradation by iron(III) oxides [23-25,27]. In addition, all these studies have been focused on the 
use of hematite powders, while the use of supported iron oxide nanosystems, like in the present 
case, has never been reported.  
The aim of the present study is to examine the chemical and physical properties of - and -Fe2O3 
nanostructures obtained by CVD, focusing on their interrelations with the preparative conditions. 
The resulting materials are carefully characterized in their nanostructure, composition, morphology 
and optical properties by GIXRD, FE-SEM, AFM, XPS, SIMS and Vis-NIR spectroscopy. The 
interplay between these properties and functional performances in the photo-degradation of MB 
solutions and in gas phase NO photo-oxidation is also presented and critically discussed, devoting 
submitted to Appl. Surf. Sci.
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particular attention on the key parameters affecting the obtained performances. 
 
2. Experimental 
2.1 Synthesis 
A cold-wall horizontal CVD apparatus equipped with an external precursor reservoir was used for 
deposition of iron oxide systems, adopting Fe(hfa)2TMEDA (hfa = 1,1,1,5,5,5 - hexafluoro - 2,4 - 
pentanedionate; TMEDA = N, N, N’, N’ - tetramethylethylenediamine) as molecular source [20,34]. 
The precursor was vaporized at 60°C and transported towards the growth region by means of an O2 
flow [purity = 6.0; total flow rate = 200 standard cubic centimetres per minute (sccm)]. Gas lines 
and valves between the vaporizer and the reaction chamber were heated at 120°C to prevent 
detrimental condensation phenomena. After preliminary optimization experiments, depositions were 
carried out for 1 h at 400 or 500°C at a total pressure of 10.0 mbar on 1×1 cm
2
 ITO substrates 
[Indium tin oxide coated glass slide, 15-25 Ω/sq surface resistivity, ALDRICH® (636916-10PAK), 
subjected to a previously described cleaning procedure in order to remove surface contaminations 
[40].  
2.2 Characterization 
XRD patterns were recorded by a Siemens D5000 X-ray diffractometer using CuK radiation, in 
the conventional Bragg-Brentano geometry.  
FE-SEM measurements were performed by means of a Zeiss SUPRA 40VP instrument, using a 
primary beam acceleration voltage of 5 kV. The mean nanoaggregate size was evaluated through 
the SmartSEM
®
 software.  
AFM images were collected in tapping mode and in air by a Veeco Instruments diMultiMode
™
V 
Nanoscope apparatus. Images were recorded on different sample areas in order to check surface 
homogeneity. Root-Mean-Square (RMS) roughness values were calculated from the height profile 
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of 5×5 m2 micrographs. 
XPS analysis was carried out by a Perkin-Elmer Φ5600ci spectrometer at pressures lower than 
1×10
-8
 mbar, using a standard AlK excitation source (h = 1486.6 eV). The reported Binding 
Energies (BEs, standard deviation = ± 0.2 eV) were corrected for charging effects by assigning to 
the C1s line of adventitious carbon a position of 284.8 eV. Quantitation was performed using 
sensitivity factors provided by  V5.4A software. Sputtering treatments were carried out by Ar+ 
bombardment at 4.5 keV, with an argon partial pressure of ≈5×10–8 mbar. 
SIMS measurements were carried out by means of a Cameca IMS 4f instrument, using a Cs
+
 
primary beam (14.5 keV, 40 nA, with beam stability better than 0.5%), using negative secondary 
ion detection and an electron gun for charge compensation. Signals were collected in beam blanking 
mode by rastering over a 150×150 m2 area, detecting secondary ions from a sub-region close to 
8×8 m2 to avoid crater effects. 
Optical absorption spectra were recorded in transmittance mode at normal incidence on a Cary 5E 
(Varian) UV-Vis-NIR spectrophotometer, subtracting the ITO substrate contribution. 
2.3 Photo-catalysis tests 
Both MB and NO degradation experiments were performed under simulated solar light by means of 
a Solarbox 3000e RH testing instrument equipped with a Xe lamp. The UV-Vis irradiance was 
measured by a Delta Ohm HD 232.0 photo-radiometer. 
For MB photodegradation (UV and Vis irradiance = 1.5 and 140 W/m
2
, respectively), samples were 
immersed in aqueous MB solutions (volume = 5.0 mL; concentration = 1.010-5 M) and illuminated 
for different time periods. The MB concentration was determined by a CM-5 Konica Minolta 
spectrophotometer. The photo-catalytic activity was then evaluated by monitoring the dye 
absorbance maximum at  = 660 nm operating at pH ≈ 6.4. The MB degradation efficiency was 
calculated as (1C/C0)100 (%), where C and C0 are the concentration values for the sample and 
submitted to Appl. Surf. Sci.
2.5 Photocatalytic pollutant decomposition by α and β-Fe2O3 75
7 
 
the control solution, respectively (estimated uncertainty = ± 4%). 
Gas-phase NO photo-oxidation tests were carried out on Fe2O3 deposits by using a laminar flow 
quartz reactor (volume = 10.0 cm
3
) irradiated with artificial sunlight (UV and Vis irradiance = 25 
and 580 W/m
2
, respectively). A constant flow of synthetic air (0.25 L/min), mixed with the desired 
NO amount (concentration = 100 ppb), was delivered to the reactor after having passed through a 
deionized water reservoir (relative humidity = 50 ± 10%). NO concentration as a function of 
irradiation time was determined by a chemiluminescence analyzer (Environnement AC32M). For 
each measurement, the air + NO gas mixture was preliminarily flowed over the sample surface in 
the dark for 10 min in order to ensure a proper system stabilization.  
 
3. Results and discussion 
In this study, preliminary attention was devoted to the selective fabrication of phase-pure iron(III) 
oxide nanomaterials with tailored structural/morphological features. To this regard, XRD patterns 
were recorded as a function of the growth temperature (Fig. 1). Interestingly, the specimen 
synthesized at 400°C showed peaks located at 2 = 33.0°, 38.4°, 55.2° and 65.9° assigned to the 
(222), (400), (440) and (622) planes of cubic -Fe2O3 (bixbyite) [PDF card n° 00-039-0238]. Upon 
increasing the deposition temperature up to 500°C, peaks at 2 = 33.1°, 54.1° and 57.6° ascribable 
to (104), (116) and (018) reflections of rhombohedral -Fe2O3 (hematite) [PDF card n° 00-033-
0664] were detected. This finding highlighted that, upon going from 400 to 500°C, the metastable 
-Fe2O3 phase was converted into the most thermodynamically stable -Fe2O3 polymorph. Notably, 
the growth temperature had a direct influence even on the system morphological organization, as 
evidenced by FE-SEM images (Fig. 2). In particular, at 400°C the specimen nano-organization was 
characterized by the presence of interconnected pyramidal nanostructures (mean size = 230 ± 30 
nm), resulting from the aggregation of triangular faceted nanoparticles, in line with previous data 
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for Si(100)-supported specimens [45]. In a different way, the sample grown at 500°C presented 
rounded-like structures with an average diameter of 200 ± 50 nm. In order to attain further 
information on the system surface morphology, AFM analyses were also performed and the 
corresponding micrographs (see Fig. 3) revealed appreciable differences among the two samples. 
Whereas the -Fe2O3 (Fig. 3a) specimen appeared as a relatively smooth deposit with scarcely 
protruding nanoaggregates, large peaks and valleys homogeneously distributed were observed for 
the -Fe2O3 deposit (Fig. 3b). RMS roughness analysis yielded values of 5.5 and 65.9 nm for -
Fe2O3 and -Fe2O3, respectively. Since the effective surface area is typically larger for a rough 
surface [38-39], a high roughness may anticipate improved photo-catalytic performances for the 
corresponding system (see below).  
The surface and in-depth chemical composition was studied by the combined use of XPS and SIMS 
(Fig. 4), that yielded similar results irrespective of the growth temperature. The absence of any 
surface photopeak due to In/Sn confirmed an homogeneous coverage of the ITO substrate. Typical 
C, Fe and O surface percentages were 30, 20 and 50 at.%, respectively. Carbon presence was 
related to adventitious contamination, since the C1s signal fell to noise level after a few minutes of 
Ar
+
 sputtering. The Fe2p photoelectron peak shape and position [Fig. 4a; BE(Fe2p3/2) = 711.2 eV], 
along with the energy separation between the two spin-orbit components [(BE) = 13.5 eV], was 
consistent with the formation of iron(III) oxide free from other Fe oxidation states [32,36-37,46-47]. 
The O/Fe ratio, higher than the stoichiometric value, was justified by the presence of surface 
chemisorbed –OH and carbonate groups resulting from atmospheric exposure. In fact, the O1s peak 
(Fig. 4b) could be fitted by two main bands at 530.2 eV (I, 58% of the total oxygen content) and 
532.1 eV (II), attributed to lattice oxygen in Fe2O3 and surface hydroxyl/carbonates, respectively 
[25,27,36-37,46-47]. Notably, upon considering the sole lattice O1s component, calculation of the 
O/Fe ratio yielded the stoichiometric value expected for Fe2O3 (1.5).  
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Further information on the in-depth composition was obtained by SIMS (Figs. 4cd). Specimens 
were highly pure, with a carbon content in the range of ppm at both temperatures, and possessed a 
well-defined interface with the ITO substrate. The parallel trend of iron and oxygen ionic yields 
throughout the deposit thickness, verified by profiling in different sample regions, suggested a 
common chemical origin for these species, supporting the homogeneous formation of Fe2O3. The 
measured thickness values were 300 ± 20 nm (400°C) and 810 ± 30 nm (500°C).  
The optical properties of the target iron oxide nanomaterials were analyzed by absorption 
spectroscopy. Fig. 5a reports optical spectra in the 450-1500 nm wavelength range. The observed 
spectral features agreed to a good extent with those previously reported for both - and - iron(III) 
oxides [7,20], and the prominent absorption for  < 700 nm could be associated to band-to-band 
transitions. The estimation of optical band gaps was performed by evaluating the absorption 
coefficient ( as a function of photon energy (h) by means of Tauc plots [(h)n vs. h, Figs. 
5bc]. Basing on previous literature reports, -Fe2O3 presents indirect allowed transitions (n = ½) 
[20], whereas -Fe2O3 shows direct allowed ones (n = 2) [7]. The extrapolation of experimental 
curves to  = 0 enabled to estimate gap values of EG = 1.7 and 2.0 eV for specimens deposited at 
400°C (-Fe2O3) and 500°C (-Fe2O3), respectively, in line with previous works [7,20,25]. 
Subsequently, attention was devoted to the degradation of MB aqueous solutions under simulated 
solar light, a standard test to investigate the material photo-catalytic activity in the liquid phase 
degradation of organic pollutants [24]. The inspection of Fig. 6a evidence that, at variance from the 
control experiment, the use of both - and -Fe2O3 photo-catalysts resulted in an appreciable dye 
degradation. As reported in the literature [7], solar light harvesting triggers the production of 
reactive e

/h
+
 pairs that, in turn, induce the formation of highly oxidizing species (such as OH
•
, O2
-
, 
…) responsible for the mineralization of the target organic molecules. Notably, the activity of the 
present nanosystems towards MB degradation compared very favorably with other Fe2O3-based 
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nanostructures, such as -Fe2O3 mesoporous nanospheres and nanorods [18,25,48]. For these 
nanosystems, MB degradation efficiencies of 25 and 13% were reported after 1 h of illumination. 
For comparison, after the same irradiation time, values of 27 and 37% were measured for specimens 
deposited at 400°C (β-Fe2O3) and 500°C (-Fe2O3), respectively. 
As usually observed for the photo-catalytic degradation of organic molecules on iron(III) oxide, the 
MB photo-decomposition follows first-order kinetics [4,15,22-23,31,49]. This behavior is also 
confirmed by the present data, evidencing a linear plot of ln(C/C0) vs. irradiation time (Fig. 6b) 
[16]. In line with the results plotted in Fig. 6a, the -Fe2O3 sample (grown at 500°C) showed better 
performances with respect to the -Fe2O3 one. In fact, the fit procedure of experimental data yielded 
apparent rate constants k = 0.008 min
-1 
and k = 0.005 min
-1
 for -Fe2O3 and -Fe2O3, respectively. 
In general, the nanosystems photo-catalytic behavior in similar processes results from the 
concurrence of two main factors, i.e. the light harvesting capability and the effective surface area 
available for the interaction with target molecules. An examination of the above discussed optical 
properties (Fig. 5) would suggest higher photo-catalytic performances for -Fe2O3, characterized by 
a lower EG value enabling, thus, an improved absorption of simulated sunlight. In a different way, 
the observed reactivity order is the opposite, i.e. highlighting thus that the effective surface 
area plays a key role in determining the system reactivity. Such a hypothesis is confirmed by AFM 
analysis (see above and Fig. 3), indicating a higher roughness and, hence, a higher active area on 
passing from -Fe2O3 (400°C) to -Fe2O3 (500°C).  
In the framework of photo-catalytic processes for environmental purposes, the present iron oxide 
nanosystems were also tested in photo-assisted NO oxidation. The involved redox processes rely on 
the formation of reactive oxygen species (see above), derived from the reaction of photo-generated 
charge carriers and surface chemisorbed molecules [41]. NO removal can thus occur through its 
progressive oxidation according to the following reactions [9]: 
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NO  +  O2¯  →  NO3¯           (1) 
NO  +  OH
•
  →  HNO2           (2) 
HNO2  +  OH
•
  →   NO2  +  H2O         (3) 
NO2  +  OH
•
  →   NO3¯  +  H
+
          (4) 
The system efficiency in the NO photo-degradation is shown in Fig. 7. After an induction time of 
ca. 10 min , likely due to the lack of oxygen electron acceptor species in contact with iron(III) oxide 
at the beginning of the experiment, the NO degradation progressively increased, reaching an almost 
constant level for irradiation times > 30 minutes. Subsequently, a slow decrease in the process 
efficiency was observed for both samples and tentatively ascribed to the surface accumulation of 
NO3¯ species, partially poisoning the photo-catalyst active sites [9-11]. In line with the results of 
Fig. 6, the -Fe2O3 specimen grown at 500°C exhibited higher photo-catalytic performances than 
the -Fe2O3 one deposited at 400°C. Once again, this difference could be ascribed to the higher 
surface area of the former system, responsible for a more efficient gas uptake and, in turn, for an 
improved functional behavior. 
 
4. Conclusions 
In this work, we have presented a CVD method for the selective preparation of nanostructured -
and -Fe2O3 materials, highlighting the key role played by the deposition temperature in tailoring 
the nano-organization. The obtained iron(III) oxide systems possessed a high purity and a 
morphology dependent on the synthesis conditions, with a significantly high roughness for -Fe2O3 
samples, suggesting a correspondingly high surface area. For the first time, the performances of the 
CVD-derived nanostructures were preliminarily investigated in the photo-catalytic purification of 
water and air through two standard reactions, namely MB and NO degradation. Results obtained 
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with MB tests, favorably comparing to previous ones reported for similar materials, disclose 
interesting perspectives for the possible development of water purification technologies activated by 
solar illumination. On the other hand, the use of iron(III) oxide for NO photo-oxidation, reported for 
the first time, demonstrates the potential of the target materials even in the photo-catalytic 
decomposition of gaseous pollutants. Further interesting developments for the present study will 
concern the control of nanomaterial organization, with particular attention on the tailoring of -
Fe2O3 surface area, which appears to have a crucial influence on the functional behavior. Additional 
efforts will also be devoted to gaining a deeper insight into the reaction mechanisms involved in the 
above liquid and gas-phase photo-catalytic processes. 
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Captions for Figures 
 
Fig. 1  XRD patterns of samples grown on ITO at 400 and 500°C. Reflections pertaining to -
Fe2O3 (○) and -Fe2O3 (■), as well as to the ITO substrate, are marked for clarity. 
Fig. 2  Plane-view FE-SEM micrographs of Fe2O3 nanomaterials prepared at 400 and 500°C. 
Fig. 3  AFM images for -Fe2O3 (400°C, a) and -Fe2O3 (500°C, b) nanomaterials. 
Fig. 4  (a) Surface Fe2p photoelectron peaks for samples synthesized at 400 and 500°C. (b) 
Representative fitting of the surface O1s signal for the 500°C-grown specimen. (c, d) 
SIMS depth profiles for samples deposited at 400°C (c) and 500°C (d). 
Fig. 5  (a) Optical absorption spectra of nanodeposits grown at 400 and 500°C. Tauc plots for 
specimens synthetized at: (b) 400°C; (c) 500°C. 
Fig. 6  (a) MB photo-catalytic degradation promoted by specimens deposited at 400 and 500°C 
activated by simulated solar light. (b) Dependence of ln(C/C0) on irradiation time. 
Fig. 7  Photo-catalytic removal of NO by -Fe2O3 (400°C) and -Fe2O3 (500°C) nanostructures 
promoted by simulated solar light. 
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Fig. 1 
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Fig. 2 
by G. Carraro et al. 
 
 
submitted to Appl. Surf. Sci.
2.5 Photocatalytic pollutant decomposition by α and β-Fe2O3 91
23 
 
Fig. 3 
by G. Carraro et al. 
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Fig. 4 
by G. Carraro et al. 
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Fig. 5  
by G. Carraro et al. 
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Fig. 6 
by G. Carraro et al. 
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Fig. 7 
by G. Carraro et al. 
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2.6 Photo-assisted H2 generation from α, β and -
Fe2O3 nanomaterials
Sunlight-assisted H2 generation by the photoreforming of aqueous solutions containing
oxygenated organic compounds (OOCs) is an attractive option for sustainable energy
generation with a reduced carbon footprint.32,60,115 As described in Appendix C.3.2, the
use of sunlight represents an interesting applicative option from both an economic and
an environmental point of view. On the other hand, the unavailability of photocatalysts
joining a high activity and service life under solar radiation still hinders the large-scale
utilization of such routes for hydrogen production.
To this regard, the scientific community has widely studied α-Fe2O3 nanomaterials as
photocatalysts over the last decade, but, despite some interesting results, the obtained
performances are still limited by α-Fe2O3 low absorption coefficient, high recombination
losses, and short diffusion length of photogenerated charge carriers.7,39,68
In the search for alternative iron oxide photocatalysts that could overcome α-Fe2O3
shortfalls, and basing on the successful results obtained in the CVD of β- and -Fe2O3
nanomaterials (see section 2.2), in the present work the attention has been devoted to a
detailed investigation of these polymorphs in photo-assisted H2 generation. In this regard,
the use of CVD iron oxide-based systems, as already mentioned, is also appealing thanks
to the use of supported nanomaterials, enabling to circumvent problems associated to
powdered photocatalysts, such as sintering and recovering after use.
Taking into account the complexity of photoreforming processes (see also Appendix
C.3.2), a detailed structural, morphological and compositional analysis was performed
with the specific aim of elucidating the interplay between the material chemico-physical
properties and the pertaining functional behaviour. Starting from the previous results,
β- and -Fe2O3 photocatalysts were grown at 500℃ on Si(100) under O2 and O2 +
H2O reaction atmospheres, respectively. For comparison, α-Fe2O3 nanosystems were also
prepared (see Table 2.1).
Upon using ethanol/water solutions and simulated solar irradiation, the obtained spec-
imens showed a stable H2 evolution up to 20 h of illumination, and the order of reactivity
was α-Fe2O3 < -Fe2O3 < β-Fe2O3. Notably, the obtained H2 yields (up to 100 mmol×
h−1×g−1) were among the highest ever reported for similar processes, highlighting the
possibility of enhancing iron oxide performances by using uncommon iron(III) oxide poly-
morphs, such as β- and -Fe2O3. In addition, the latter showed an enhanced photocorro-
sion resistance with respect to α-Fe2O3.
On the basis of the high β- and -Fe2O3 activity and stability in water/ethanol me-
dia, their properties in photo-assisted H2 generation were also investigated starting from
aqueous solutions of glycerol and glucose, two relevant biomass-derived raw materials of
importance to develop a really sustainable H2 production process.
116 In both cases, -
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Fe2O3 showed superior performances than β-Fe2O3, and H2 production rates decreased in
the order ethanol > glycerol > glucose, i.e. upon increasing the complexity of the organic
compound.
The obtained results pointed out a concurrent reactivity dependence on both the used
OOC and the target Fe2O3 polymorph. In order to properly interpret this phenomenon,
significant efforts were devoted to a detailed study of the material nano-organization,
structure and defectivity. In particular, the thorough chemical and structural charac-
terization (AFM, XPS, HR-TEM, EELS) provided key indications, that can be briefly
summarized as follows.
For simpler OOCs (i.e. ethanol), the higher roughness/active area and lower band
gap favoured hydrogen production from β-Fe2O3 systems. On the other hand, since
absorption/desorption processes represent an important bottleneck when more complex
OOCs (i.e. glycerol and glucose) are used, the presence of surface oxygen vacancies, as the
ones detected on -Fe2O3, can significantly affect the OOC chemisorption and subsequent
decomposition, enhancing thus the material catalytic activity.
The present results demonstrated that β- and -Fe2O3 nanomaterials possess a remark-
able activity in sunlight-assisted H2 generation by OOC photoreforming, comparing very
favourably not only with the most used α-Fe2O3, but also with the state-of-the-art most
efficient photocatalysts reported in literature.54,115–117 The influence between the crys-
tal phase, topology and surface composition/defectivity on photocatalytic performances
has been investigated by the joint use of complementary characterization tools, enabling
to attain a thorough picture of material characteristics and behaviour in the involved
processes.
Considering the novelty and the applicative potential of this strategy, paving the way to
the fabrication of stable and efficient photocatalysts, the developed process has also been
patented (PD2012A000308). Further details on the material synthesis, characterization
and photocatalytic performances are reported in the following article39 (reprinted with
the permission of WILEY-VCH Verlag GmbH & Co.).
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 1 .  Introduction 
 Almost 100 years after the Ciamician suggestion [ 1 ] to trust in 
solar energy technologies to overcome problems related to 
fossil fuels, the scientifi c community is still investing great 
efforts in the search for sustainable 
energy alternatives. In the last decade, 
remarkable worldwide attention has been 
devoted to the production of hydrogen 
which, besides being a key reactant for 
the chemical industry, is a strategically 
appealing energy vector. [ 2 ] In particular, 
solar hydrogen generation through photo-
electrochemical and photocatalytic water 
splitting has received a considerable atten-
tion as a possible solution to the ener-
getic and environmental problems raised 
by the use of conventional resources. [ 3–7 ] 
Nevertheless, in spite of several efforts, 
the conversion effi ciency reached in water 
photosplitting is still too low to meet the 
standards required by large-scale applications. [ 4,8–10 ] An alterna-
tive approach for H 2 generation consists in the photoreforming 
of aqueous solutions containing oxygenated organic com-
pounds (OOCs), such as ethanol, glycerol, and glucose, that can 
be expressed as:
CnHmOk + (2n− k)H2O → nCO2 + (2n+m/2− k)H2  (1) 
 Such routes enable the conversion of sunlight, an intrinsi-
cally renewable resource, into molecular hydrogen, through 
the combination of photo-activated OOC oxidation and water 
splitting. If compared to the latter, OOC photoreforming is a 
less endoergonic process that also minimizes the back-reac-
tion with oxygen, offering thus a more viable route for H 2 
production. [ 9–11 ] Remarkably, the above OOCs can be sustain-
ably produced from largely available biomasses, thus reducing 
the ecological footprint. Further environmental advantages 
arise from the possibility of using photoreforming also for 
polluted H 2 O purifi cation, through mineralization of waste 
products (such as alcohols, organic acids, etc.) arising from bio-
mass processing industries. On the other hand, when OOCs 
are only partially oxidized, the process can profi tably enable the 
obtainment of added-value by-products. [ 2,8,12 ] 
 According to reaction (1) and to the H 2 combustion heat 
versus the pertaining values for the target OOCs, the use of 
photo-reformed H 2 offers an important energy benefi t with 
respect to the direct use of OOCs as fuels. Indeed, H 2 moles 
produced per each OOC mole according to Equation  1 are 
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observed, the choice of appropriate synthesis conditions ena-
bled the selective preparation of  α -,  β -, or  ε -Fe 2 O 3 , each of them 
free from other iron(III) oxide polymorphs. On  α -Fe 2 O 3 , signals 
at 2ϑ = 24.2°, 33.1°, and 35.6°, ascribable to (012), (104), and 
(110) refl ections of rhombohedral hematite were detected (PDF 
card 00–033–0664). For  β -Fe 2 O 3 , the pattern was characterized 
by signals located at 2ϑ = 23.2°, 33.0°, and 38.4°, assigned to 
(211), (222), and (400) planes of cubic bixbyite (PDF card 
00–039–0238). Finally, the orthorhombic  ε -Fe 2 O 3 presented 
the main signals located at 2ϑ = 29.9°, 32.9°, 35.2°, 36.4°, and 
49.2°, related to the (013), (122), (200)/(130), (201), and (142)/
(015) refl ections, respectively (ICSD 51122). An overview of 
the crystal structures for the three different polymorphs, along 
with relevant structural details, is presented in Figure S1 (Sup-
porting Information). 
 The photocatalyst morphological organization as a function 
of its phase composition was investigated by fi eld emission-
scanning electron microscopy (FE-SEM). For  α -Fe 2 O 3 (Sup-
porting Information, Figure S2), the growth process resulted 
in a relatively compact deposit (average thickness = 800 nm), 
characterized by protruding sparse pyramidal-like structures 
(mean lateral size = 400–500 nm).  β - and  ε -Fe 2 O 3 (Supporting 
Information, Figure S1) displayed a more uniform surface tex-
ture, with faceted nanopyramids (mean lateral size = 200 nm) 
yielding an average deposit thickness of 450 nm. The system 
composition was preliminarily investigated by energy disper-
sive X-ray spectroscopy (EDXS). Irrespective of the obtained 
polymorph, a C K α signal close to noise level throughout the 
deposited thickness was recorded, highlighting the purity of 
the obtained materials (Supporting Information, Figure S3). 
The parallel trends for oxygen and iron confi rmed the common 
chemical origin of these elements. Further valuable informa-
tion was obtained by X-ray photoelectron spectroscopy (XPS) 
analyses, that, irrespective of the target polymorph, evidenced 
the formation of iron(III) oxide. This was testifi ed by the Fe2p 
signal, whose Fe2p 3/2 and Fe2p 1/2 spin-orbit components were 
always located at Binding Energies (BEs) of 711.2 eV and 
725.0 eV, respectively (Supporting Information, Figure S4a). [ 7,18 ] 
 The photocatalytic H 2 evolution under simulated solar irra-
diation for  α -,  β -, and  ε -Fe 2 O 3 was investigated in ethanol/
water solutions ( Figure  1 ). Control experiments demon-
strated that the bare silicon substrate did not contribute to 
the observed hydrogen production. After an initial stabiliza-
tion period, the three polymorphs promoted a remarkable 
hydrogen evolution, that remained stable at least up to 20 h 
of irradiation. The catalytic activity increased in the order  α -
Fe 2 O 3 <  ε -Fe 2 O 3 <  β -Fe 2 O 3 , yielding mean H 2 production rates 
of 40, 125, and 225 mmol h −1 m −2 , respectively. Basing on the 
above reported thickness values and assuming bulk densities 
for Fe 2 O 3 polymorphs (see Experimental Section for details), 
hydrogen production rates of 10, 60, and 100 mmol h −1 g −1 
were estimated, candidating the present nanomaterials among 
the most effi cient photocatalysts ever reported for similar pro-
cesses. [ 2,4,5,8,12,13,19,20 ] It is worth highlighting that the above 
yield values are slightly underestimated, since calculation of the 
catalyst mass has been performed by considering the target sys-
tems as compact deposits with bulk densities. 
 As a comparison, highly active black titania functional-
ized with Pt particles, one of the state-of-the-art photocatalytic 
characterized by a higher energy content with respect to the 
OOC starting material. 
 The development of stable and effi cient photocatalysts for H 2 
production from OOCs should allow the worldwide diffusion 
of small plants for the operation of such processes, an advan-
tage of key importance to overcome challenges related to H 2 
distribution and storage. The use of H 2 in a fuel cell or in an 
internal combustion engine rather than of OOCs also results in 
a cleaner energy generation process, with no greenhouse gases 
emission, signifi cantly reducing the environmental impact. [ 13 ] 
Hence, the conversion of renewable raw materials into H 2 
using solar light represents a sustainable and more effi cient 
way of producing energy with respect to the direct use of OOCs. 
Finally, if compared to photo-electrochemical routes, no further 
external energy inputs are required, an interesting feature for 
eventual large-scale applications. 
 In spite of the technological potential of photoreforming 
processes, their large-scale utilization is actually hindered by 
the availability of photocatalysts joining a high activity and ser-
vice life under sunlight irradiation. Hence, the development of 
novel materials featuring ad-hoc properties is a key challenge 
still far from being completely satisfi ed. Besides being low-cost, 
abundant, and non-toxic, an ideal photocatalyst should properly 
harvest light with minimal electron/hole (e − /h + ) recombination 
and effi ciently drive the target chemical processes. [ 9 ] In this 
regard, among metal oxides,  α -Fe 2 O 3 (hematite) has emerged 
as a promising system for photocatalytic H 2 production, espe-
cially in the form of nanomaterials. Nevertheless,  α -Fe 2 O 3 per-
formances are still limited by its low absorption coeffi cient, 
high recombination losses, and short diffusion length of photo-
generated charge carriers. [ 14,15 ] 
 Motivated by the search for alternative iron oxide photocata-
lysts combining the inherent hematite advantages and enabling, 
at the same time, to overcome its shortfalls, in this article we 
report on a thorough investigation of supported Fe 2 O 3 nano-
materials for photo-assisted H 2 production. As described in 
the following, the photocatalyst properties have been tuned by 
a careful control of phase composition and nano-organization. 
In particular, the optimization of a chemical vapor deposition 
(CVD) route involving an iron(II) molecular precursor [ 16 ] ena-
bled the selective production not only of the well-known and 
most studied  α -Fe 2 O 3 phase, but also of the scarcely investigated 
 β - and  ε -Fe 2 O 3 polymorphs [ 17 ] and, for the fi rst time, their use in 
photoreforming processes. The synthesis and functional investi-
gation of these two polymorphs represent an appealing strategy 
to overcome the hematite drawbacks. As a matter of fact, under 
simulated sunlight, the  β - and  ε -phases show enhanced photo-
corrosion resistance and yield H 2 evolution rates from ethanol 
aqueous solutions which are superior to  α -Fe 2 O 3 and consider-
ably high in the framework of similar photocatalytic processes. 
In addition,  β - and  ε -Fe 2 O 3 are very active even in the presence 
of more complex, though more sustainable, OOCs, namely 
glycerol and glucose, rendering the present approach extremely 
attractive and versatile in view of technological applications. [ 8 ] 
 2 .  Results and Discussion 
 The iron oxide phase composition was investigated by X-ray dif-
fraction (XRD; Supporting Information, Figure S1). As can be 
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for the reaction media can promote a partial iron(III) leaching, 
more signifi cant in the case of amorphous iron(III) oxides 
with respect to nanocrystalline iron(III) oxide ( α -Fe 2 O 3 ) cata-
lysts. 23 Therefore, these important aspects need to be further 
addressed in future studies. 
 Under simulated sunlight, solar-to-fuel effi ciencies (SFE) for 
the three Fe 2 O 3 polymorphs were estimated to be 0.16% for  α -
Fe 2 O 3 , 0.86% for  β -Fe 2 O 3 , and 0.48% for  ε -Fe 2 O 3 . Such data cor-
roborate the great interest for the scarcely investigated  β and 
 ε -Fe 2 O 3 polymorphs in view of hydrogen production by means 
of solar irradiation. 
 It is worth noting that, under the presently adopted condi-
tions, ethanol was not fully converted into CO 2 , but only par-
tially oxidized, giving rise to the formation of acetaldehyde as 
the main product. In addition, 1,1-diethoxyethane, another 
important fi ne chemical, was also detected in the liquid 
phase (Supporting Information, Figure S5, Scheme S1, and 
Equation S1). 
 In the case of photo-reforming of OOC solutions catalyzed 
by semiconductor (SC) systems, like in the present case, the 
mechanism leading to hydrogen photo-production starts with 
the generation of e − /h + pairs and involves the OOC dissociative 
chemisorption on the SC surface. In the case of ethanol, the 
simplest OOC used in this work, the mechanism and the fate 
of photogenerated charge carriers can be described as: [ 24 ] 
SC + hν → e− + h+ (hν = SC band gap)
 (2) 
CH3CH2OH + 2∗ → CH3CH2O−(ads) + H+(ads)  (3) 
where * represents an available adsorption site on the SC sur-
face. The reaction proceeds through the abstraction of a second 
hydrogen atom from the resulting alkoxide via reaction with a 
photoproduced hole:
CH3CH2O
−
(ads) + h+ → CH3CHO(ads) + H+(ads) + e−  (4) 
 Finally, proton reduction leads to the formation of molecular 
hydrogen, that eventually desorbs from the SC surface:
2H+(ads) + 2e− → H2(ads) → H2(g)  (5) 
 The weak interaction of acetaldehyde with the SC surface 
results in its fast desorption, and its high volatility precludes the 
occurrence of further photo-oxidation processes. This explains 
why, in the case of ethanol, no carbon dioxide was detected. In 
a different way, polyhydroxylated molecules, such as glycerol 
or glucose, can undergo multiple oxidation steps, making the 
process more complex and more sensitive to the presence of 
surface vacancies acting as adsorption sites (see below). 
 To attain a deeper insight into the  β - and  ε -Fe 2 O 3 activity 
in H 2 generation, a detailed structural investigation was car-
ried out by transmission electron microscopy (TEM).  Figure  2 a 
shows that both  β - and  ε -Fe 2 O 3 are polycrystalline materials 
exhibiting a columnar-like growth. Cross-sectional (cs) and 
plane-view (pv) electron diffraction (ED) patterns could be 
indexed according to cubic  Ia-3 (206)  β -Fe 2 O 3 (PDF card 
00–039–0238) and orthorhombic  Pna2 1 (33)  ε -Fe 2 O 3 (ICSD card 
materials, produces 10 mmol h −1 g −1 of H 2 using methanol, 
more reactive than the presently used ethanol. [ 21 ] In addition, 
ethanol photoreforming over Au-Pt/TiO 2 catalysts resulted in a 
maximum hydrogen evolution rate of 1.7 mmol h −1 g −1 under 
simulated solar irradiation. [ 22 ] 
 Beside presenting the lowest activity per gram of catalyst, 
as discussed above,  α -Fe 2 O 3 also underwent a partial leaching 
under operation. In fact, the analysis by graphite-furnace 
atomic absorption spectroscopy (GF-AAS) revealed the pres-
ence of 11.6  μ g L −1 of Fe in the ethanol/water solution collected 
from the photocatalytic experiment, indicating that ≈ 4% of 
the catalyst was dissolved after 20 h of use. In a different way, 
the iron amounts present in the solutions recovered from the 
experiments with  β - and  ε -Fe 2 O 3 were below the instrumental 
detection limit (± 0.8  μ g L −1 of Fe). This fi nding indicates that 
leaching phenomena were negligible for  β - and  ε -Fe 2 O 3 , a very 
important result in view of technological applications. The 
understanding of Fe leaching mechanism is a complex issue, 
as the process is affected not only by pH changes during the 
photoreaction, but also by the surface status of each Fe 2 O 3 
polymorphs at a nanoscale level, with particular attention to the 
presence of defects. The interactions between the chelating car-
boxylic acids, generated by the partial oxidation of OOCs, with 
surface iron centers, have also to be taken into account. In this 
context, it has been demonstrated that a decrease of pH values 
 Figure 1.  a) H 2 production rates from  α -,  β -, and  ε -Fe 2 O 3 by photore-
forming of ethanol/water solutions upon simulated sunlight irradiation. 
Points are experimental data, while lines are for guidance only. b) Image 
of  β -Fe 2 O 3 immersed in an ethanol/water solution irradiated with simu-
lated sunlight, evidencing the formation of H 2 bubbles. 
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the typical nanocrystal structure, imaged along the [010] zone 
axis, is shown in Figure  2 c. In this case, the crystal  V -type shape 
was related to the preferential exposure of {203}-like planes, 
and several stacking faults perpendicular to the  c -axis could be 
observed. Structural models based on HR-TEM data and dis-
playing the arrangement of FeO 6 octahedra are proposed in the 
insets of Figure  2 b,c. 
 On the basis of the high  β - and  ε -Fe 2 O 3 activity and sta-
bility in water/ethanol media, photocatalytic H 2 genera-
tion was also investigated starting from aqueous solutions 
of glycerol ( Figure  3 a) and glucose ( Figure  3 b), two rel-
evant biomass-derived raw materials. In both cases,  ε -Fe 2 O 3 
showed superior performances than  β -Fe 2 O 3 . Furthermore, 
the obtained hydrogen yields were systematically lower in the 
case of glucose. A comparison of Figures  1 and  3 indicates that 
H 2 production rates decrease in the order ethanol > glycerol > 
glucose, that is, upon increasing the complexity of the organic 
molecule. [ 2,10 ] 
 As a matter of fact, the reactivity order of  β - versus  ε -Fe 2 O 3 
depends on both the used OOC and the photocatalyst nano-
organization, structure and defectivity. [ 3,5,15 ] The interpretation 
of the observed reactivity order is indeed a challenging issue, 
depending in a complex way on the interplay between catalytic 
reactivity, charge separation effi ciency and different light har-
vesting by the used photocatalysts. In the present case, a thor-
ough understanding of such phenomena is further complicated 
since the obtained Fe 2 O 3 polymorphs are characterized by only 
moderate variations in chemico-physical properties. Hence, dif-
ferent complementary characterization tools have been used 
in the attempt to elucidate the observed reactivity differences 
between  β - and  ε -Fe 2 O 3 phases on an atomic scale. 
 The main mechanism for the photo-oxidation of polyhy-
droxylated molecules (such as glycerol and glucose) over metal 
oxides involves direct electron transfer from the chemisorbed 
species to the photogenerated holes. The adsorption of polyhy-
droxylated OOCs on the photocatalyst surface is promoted by 
the molecule hydroxyl groups. [ 25,26 ] In this case, H 2 produc-
tion from hydroxyl H atoms can proceed up to the complete 
degradation of the molecular skeleton involving progressive 
decarboxylation with CO 2 evolution, as well as the production 
51122). Figure  2 b displays high resolution (HR)-TEM images 
and ED patterns of a representative  β -Fe 2 O 3 nanograin, imaged 
along the [011] zone axis, that showed a  V -type shape and a pre-
dominant exposure of {222}-type surface planes. For  ε -Fe 2 O 3 , 
 Figure 2.  a) Cs bright-fi eld TEM images of  β - and  ε -Fe 2 O 3 (scale bars = 
200 nm), with corresponding pv and cs ED patterns. b) HR-TEM image 
and ED pattern of a  β -Fe 2 O 3 aggregate, imaged along the [011] zone axis. 
c) HR-TEM image and ED pattern of a  ε -Fe 2 O 3 aggregate imaged along 
the [010] zone axis. Stacking faults are marked by white arrows. Insets: 
corresponding structural models (Fe = yellow spheres, O = light blue 
spheres). 
 Figure 3.  H 2 production rates from  β - and  ε -Fe 2 O 3 by photoreforming of aqueous solutions containing a) glycerol and b) glucose, upon simulated 
sunlight irradiation. 
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 In contrast to the case of  ε -Fe 2 O 3 , EELS 
spectra collected on the surface and bulk 
regions of  β -Fe 2 O 3 indicated the lack of 
oxygen vacancies in appreciable amounts 
and the predominance of Fe(III) even in 
the outermost layers (Supporting Informa-
tion, Figure S7). As a consequence, the out-
standing activity of the  β -phase in ethanol 
photoreforming (Figure  1 ) can be related 
to the stronger Lewis acidity of Fe(III) sites 
that, compared to Fe(II) centers, possess a 
higher ability to chemisorb and dehydro-
genate ethanol. [ 31 ] In a different way, glycerol 
and glucose contain various −OH groups 
and hence can strongly bind to the oxide 
surface. Under these conditions, a high den-
sity of strongly acidic surface Fe(III) sites is 
not necessary to ensure an effi cient adsorp-
tion, while the presence of oxygen vacancies 
favorably affects  ε -Fe 2 O 3 performances, pro-
moting a more effective charge carrier sepa-
ration and the subsequent accumulation of 
photogenerated electrons on the catalyst sur-
face. Whereas these observations opens new 
research directions, a deep understanding of 
structure-property relationships is an open 
challenge that needs to be addressed in future studies. 
 In addition, compared to  β -Fe 2 O 3 , the activity of the  ε -phase 
also benefi ts from an enhanced light absorption due to its 
slightly lower band-gap. In fact, EELS measurements in the low 
energy-loss region allowed to estimate energy gap values of 2.4 
and 2.2 eV for  β - and  ε -Fe 2 O 3 , respectively (Supporting Informa-
tion, Figure S8a,b). In order to obtain a more detailed insight 
into the electronic structure of the three polymorphs and attain 
an estimation of their band edge positions with respect to water 
oxidation/reduction potentials, EELS data were combined with 
results obtained from XPS valence band (VB) analysis (Supple-
mentary Figure S4b-d). Following a procedure similar to that of 
Chen et al. [ 21 ] and basing on EELS gap values, a relative energy 
level diagram could be constructed (Supporting Information, 
Figure S8c). The CB edges of the three polymorphs lie lower 
(more positive) than the redox potential of the H + /H 2 couple 
(pH = 0), indicating that, under strongly acidic media, these 
materials are unsuitable for hydrogen generation, at least in 
the absence of an external bias. Nevertheless, since the present 
experiments were carried out in nearly neutral solutions (pH ≈ 
7) and at room temperature, CB positions can be favorable for 
H + reduction to H 2 , especially in the case of  β -Fe 2 O 3 . Hence, 
electron–hole pairs photogenerated upon suitable irradiation 
can result in the effective oxidation of adsorbed OOCs (by VB 
holes) and in H + reduction (by CB electrons). 
 3 .  Conclusions 
 The data presented here demonstrate that  β - and  ε -Fe 2 O 3 nano-
materials, two scarcely investigated iron oxide phases, possess 
a remarkable activity in sunlight-assisted H 2 generation by 
OOC photoreforming. Notably, up to now these two iron oxides 
of various intermediate compounds (Supporting Information, 
Figure S6 and Scheme S2). [ 2,8 ] In this context, the presence of 
oxygen vacancies can signifi cantly affect the OOC chemisorp-
tion and subsequent decomposition, which infl uence, in turn, 
the resulting photocatalytic activity. [ 27 ] 
 In order to assess the possible presence of such defects on 
the target  β - and  ε -Fe 2 O 3 nanomaterials, scanning TEM-elec-
tron energy loss spectroscopy (STEM-EELS) experiments were 
carried out using the spectrum imaging (SI) technique. This 
method consists in the simultaneous acquisition of an EELS 
spectrum and a high angle annular dark fi eld (HAADF) signal 
by scanning different sample regions with a focused electron 
probe. The Fe L 2,3 EELS edge was investigated due to its high 
sensitivity towards iron local coordination environment and 
valence state. [ 28,29 ]  Figure  4 a presents an overview HAADF-
STEM ( Z -contrast) image of  ε -Fe 2 O 3 . A typical single grain, dis-
played at higher magnifi cation in Figure  4 b, was selected for 
SI investigation (Figure  4 c). Figure  4 d shows the collected Fe 
L 2,3 EELS data. The spectrum corresponding to the inner region 
(bulk signal), with the L 3 maximum located at 709.5 eV and 
a pre-peak centred at 708.0 eV, is typical for Fe(III) in a pre-
dominantly (3 out of 4 Fe ions) octahedral environment, in line 
with  ε -Fe 2 O 3 crystal structure. [ 17,30 ] Repeated measurements on 
other aggregates always yielded the same results. Notably, the 
Fe L 2,3 edge fi ne structure underwent a signifi cant change on 
going towards the surface (Figure  4 d), with a peak shift to lower 
energy by 1.5 eV, indicating a partial Fe(III)  → Fe(II) reduction 
in the outermost material layers. [ 30 ] This process was further 
supported by the concomitant decrease of L 3 /L 2 intensity ratio. 
Since HR-TEM imaging did not evidence any crystal lattice 
variation near to the surface (compare Figure  2 c), the observed 
valence change could be assigned to the extensive presence of 
oxygen vacancies at the  ε -Fe 2 O 3 surface. 
 Figure 4.  a) Overview HAADF-STEM image of  ε -Fe 2 O 3 . b) Magnifi ed HAADF-STEM image of 
the region indicated by the white box in (a). c) HAADF-STEM image collected simultaneously 
with EELS data on the single grain region indicated by the white rectangle in (b). d) Fe L 2,3 edge 
EELS spectra collected from the surface (green) and inner (red) regions of  ε -Fe 2 O 3 . The red 
and green squares indicate the 12 × 12 pixel areas from which the data in (d) were averaged. 
e) Fe(III) and f) Fe(II) maps collected in the regions indicated by the white rectangle in (b). 
g) Colour map obtained by the superimposition of Fe(III) and Fe(II) maps shown in e) and f) 
(Fe(III) = red; Fe(II) = green). 
Adv. Funct. Mater. 2013, 
DOI: 10.1002/adfm.201302043
2.6 Photo-assisted H2 generation from α, β and -Fe2O3 nanomaterials 103
FU
LL
 P
A
P
ER
6
www.afm-journal.de
www.MaterialsViews.com
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
 Plane-view (pv) and cross-sectional (cs) FE-SEM images were 
collected by a Zeiss SUPRA 40VP fi eld emission instrument, at primary 
beam voltages comprised between 10.0 and 20.0 kV. Line-scan EDXS 
analyses were carried out by monitoring the Fe K α , O K α , and C K α 
signals throughout the deposit thickness by an Oxford INCA x-sight 
X-ray detector (acceleration voltage 20.0 kV). 
 XPS analyses were carried out by a Perkin-Elmer  Φ 5600ci 
spectrometer at pressures lower than 1 × 10 −8 mbar, using a standard 
Al K α source (h ν = 1486.6 eV). The reported BEs (standard deviation = 
± 0.1 eV) were corrected for charging effects by assigning to the C1s 
line of adventitious carbon a position of 284.8 eV. Quantitation was 
performed using sensitivity factors provided by  Φ V5.4A software. 
 Specimens for TEM observations were prepared by mechanically 
grinding down to 20  μ m, followed by Ar + ion beam milling using a 
Balzers RES 101 GVN apparatus. TEM and HR-TEM analyses were 
performed using a Tecnai G2 30 UT microscope at 300.0 kV, with a 
0.17 nm point resolution. 
 HAADF-STEM and STEM-EELS experiments were carried out on 
a Titan “cubed” microscope, equipped with an aberration corrector, a 
monochromator and a high-resolution GIF QUANTUM energy fi lter. 
For STEM-EELS analyses, the microscope was operated at 120 kV. The 
electron monochromator was excited to provide an estimated EELS 
energy resolution of 250 meV. The internal Fe(II) and Fe(III) references 
were back-fi tted to the EELS data cube using the EELS model software 
[www.eelsmodel.ua.ac.be], to generate Fe(II) and Fe(III) maps. The 
convergence angle used in the STEM-EELS experiments was 21 mrad, 
while the acceptance angles for EELS analyses and HAADF imaging were 
160 and 85 mrad, respectively. 
 Photocatalytic Activity Measurements : The photoreforming activity 
was evaluated under simulated sunlight irradiation (Supporting 
Information, Figure S9), using a solar simulator (LOT-Oriel) equipped 
with a 150 W Xe lamp and an atmospheric edge fi lter to cut-off UV 
photons below 300 nm. The beam was focused on the sample and the 
resulting light intensity was ≈25 mW cm −2 (250–400 nm, UV-A) and 
≈180 mW cm −2 (400–1000 nm, Vis-NIR). The incident illumination 
power, though close to twice of a standard AM1.5, is representative 
of a simple but effective solar concentrator. Specimens were placed 
at the bottom of the reactor (maintained at 25 °C) fi lled with 80 mL 
of a water/OOC solution. The OOC concentrations (ethanol 8.5  m , 
glycerol 1.0  m , and glucose 5.5 × 10 −2  M ) were chosen in order to 
simulate aqueous solutions recovered from biomass treatments. 
Evolved gaseous products were stripped by an Ar fl ow (15 mL min −1 ) 
and detected on-line by an Agilent 7890 gas chromatographer. A 
Carboxen 1010 PLOT column (Supelco, 30 m × 0.53 mm ID, 30  μ m 
fi lm) connected to a thermal conductivity detector (TCD) was used for 
H 2 analysis, using Ar as carrier gas. Basing on the sample geometrical 
area, H 2 production rates were expressed as mmol h −1 m −2 (uncertainty: 
± 0.3 mmol h −1 m −2 ). Hydrogen yields normalized for the catalyst 
amount were calculated basing on thickness values (see also the main 
text), considering the specimens as compact and continuous deposits 
and assuming Fe 2 O 3 bulk densities (5.3, 5.1, and 4.8 g cm −3 for  α -,  β -, 
and  ε -Fe 2 O 3 , respectively). 
 The analysis of volatile compounds in the gas fl ow (carrier gas: 
He) was performed using a DB522-ms capillary column (J&W, 60 m × 
0.32 mm ID, 20  μ m fi lm) connected to an Agilent 5975C mass 
spectrometry (MS) detector. 
 Liquid fractions after photoreforming experiments were analyzed 
using the same instrument (Agilent 7890 with 5975C MS detector and 
DB522-ms column). 
 SFE values were calculated using the formula adapted from Reece 
et al.: [ 33 ] 
SFE =
 E
S
× 100
 
(6)
 
where  Δ E is the energy stored in the amount of H 2 produced by photo-
reforming and  S is the total incident solar irradiance, as measured by 
adequate radiometers in the UV and Vis spectral ranges (expressed in 
W cm −2 ).  Δ E is calculated as the amount of H 2 produced by each sample 
polymorphs have never been tested in H 2 generation experi-
ments. The control of crystal phase and surface composition/
defectivity has been proved to be a key issue for the fabrica-
tion of stable and effi cient photocatalysts. The technological 
importance of the actual performances is strengthened by the 
use of supported nanomaterials, enabling to circumvent prob-
lems associated to powdered photocatalysts. The proposed 
approach holds a remarkable potential not only for a sustain-
able hydrogen production, but also for the simultaneous syn-
thesis of added-value by-products, paving the way to manifold 
technological applications. 
 From a fundamental point of view, these results give clear 
evidence of the attractive performances of iron oxides as photo-
catalysts for hydrogen production. Interesting perspectives for 
advancements of the present activities will concern the identifi -
cation of suitable preparation conditions for the selective fabri-
cation of other iron(III) oxide polymorphs, such as  γ -Fe 2 O 3 , or 
other iron oxides, such as Fe 3 O 4 , scarcely investigated for this 
application up to date. The extension of the present study to 
such systems is undoubtedly a key point to gain a thorough and 
rational understanding of structure-reactivity interrelations in 
the Fe-O system. 
 4 .  Experimental Section 
 Sample Preparation : A cold-wall horizontal CVD apparatus [ 32 ] was 
used for iron oxide deposition, starting from Fe(hfa) 2 TMEDA (hfa = 
1,1,1,5,5,5-hexafl uoro-2,4-pentanedionate, TMEDA =  N , N , N ′,  N ′ – 
tetramethylethylenediamine) as iron precursor. [ 16 ] The compound, 
placed in a vaporization vessel (0.3 g for each growth experiment), was 
heated by means of an oil bath and vaporized at 60 °C. Depositions 
were carried out on HF-etched  p -type Si(100) substrates (MEMC, 
Merano, Italy, 10 mm × 10 mm × 1 mm). In view of an eventual 
process scale-up, the use of the cheaper Si(100) supports has been 
preferred over the more conventional F-doped tin oxide (FTO) or 
Indium Tin Oxide (ITO), usually adopted for photoelectrodes, since no 
electrical signal had to be applied (or recorded from) to the present 
photocatalysts. 
 The obtainment of the three Fe 2 O 3 polymorphs was achieved under 
optimized conditions, as reported in  Table  1 . The deposition time and 
growth temperature were set at 60 min and 500 °C, respectively. 
 Characterization Techniques : Glancing incidence X-ray diffraction 
(GIXRD) analyses were performed by a Bruker D8 Advance 
diffractometer, using a Cu K α source ( λ = 1.5418 Å), at a fi xed incidence 
angle of 1.0°. 
 Atomic force microscopy (AFM) images were obtained by a NT-MDT 
SPM Solver P47H-PRO instrument operating in tapping mode and in 
air. After a plane fi tting procedure, root mean square (RMS) roughness 
values were estimated on 2  μ m × 2  μ m images. 
 Table 1.  Experimental conditions for the synthesis of various Fe 2 O 3 
polymorphs. 
Polymorph Total pressure (mbar) O 2 fl ow [cm 3 min −1 ] Water vapor a) 
 α -Fe 2 O 3 3.0 20 YES 
 β -Fe 2 O 3 10.0 100 NO 
 ε -Fe 2 O 3 10.0 100 YES 
 a) Water vapor is introduced using an auxiliary O 2 fl ow (same rates as in column 3) 
passing through a water reservoir maintained at 50 °C. 
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(expressed in mol s −1 cm −2 ) multiplied by hydrogen combustion enthalpy 
(285.8 kJ mol −1 at 298 K). 
 Graphite-furnace atomic absorption spectroscopy (GF-AAS) was used 
to quantify the iron amount leached during photocatalytic experiments. 
After fi ltration using 0.22  μ m PVDF membranes, 5  μ L of the solutions 
were diluted with 15  μ L of MilliQ water and injected into the furnace. 
 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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Figure S1. Upper part: XRD patterns of -, - and -Fe2O3 nanomaterials; lower part: 
corresponding crystal structures. α-Fe2O3 has a rhombohedrally centered trigonal structure of 
the corundum type (R-3c space group, lattice parameters a = 5.036 Å and c = 13.749 Å). All 
Fe (III) ions (yellow) are octahedrally coordinated with O (grey). β-Fe2O3 has a body-centered 
cubic bixbyite structure (Ia-3 space group, lattice parameter a = 9.393 Å). The Fe (III) ions 
occupy two non-equivalent octahedral sites (green and yellow). ε-Fe2O3 has an orthorhombic 
crystal structure (Pna21 space group, lattice parameters a = 5.095 Å, b = 8.789 Å, and c = 
9.437 Å). It has four non-equivalent Fe (III) positions; one cation position is tetrahedrally 
coordinated (blue), the other three cation positions are octahedrally coordinated (yellow, 
green and red). 
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Figure S2. Morphological characterization of -, - and -Fe2O3 nanomaterials. From left to 
right: representative plane-view (pv), cross-sectional (cs) SEM and AFM micrographs for α- 
(a-c), β- (d-f), and ε-Fe2O3 (g-i). The line marked in e corresponds to the EDXS scans 
reported in Fig. S3. RMS roughness values were estimated from AFM micrographs as 60, 23 
and 16 nm for α-, β-, and ε-Fe2O3, respectively. 
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Figure S3. EDXS line-scan profiles for O Kα, Fe Kα and C Kα signals, recorded for β-Fe2O3 
along the line marked in Fig. S2e. The parallel trends for oxygen and iron confirmed the 
common chemical origin of these elements. 
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Figure S4. Representative core-level and valence-band XPS data for Fe2O3 nanomaterials. (a) 
Fe2p surface peak for -Fe2O3. Valence band XPS spectra for (b) -, (c) - and (d) -Fe2O3 
nanomaterials. 
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Figure S5. GC/MS analysis of aqueous solutions collected after ethanol photoreforming using 
β-Fe2O3 and ε-Fe2O3 nanomaterials. Using ethanol as OOC, only acetaldehyde and 1,1-
diethoxyethane were detected as by-products, indicating that C-C bond breaking in the 
organic skeleton is unfavoured under the present conditions. 
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Scheme S1. Possible reaction pathway explaining the formation of acetaldehyde and 1,1-
diethoxyethane from ethanol. 
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Figure S6. GC/MS analysis of aqueous solutions collected after glycerol photoreforming 
using β-Fe2O3 and ε-Fe2O3 nanomaterials. 1,3-dihydroxypropanone, hydroxyacetaldehyde, 1-
hydroxy-2-propanone, ethanol and dimethyl-1,4-dioxane isomers were detected in the liquid 
solutions as a result of the partial photooxidation of glycerol. Minor amounts of 2,3-
dihydroxypropanal and 1,2-ethandiol were also observed. 
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Scheme S2. Possible reaction pathway involved in the photoreforming of glycerol aqueous 
solutions (adapted from Montini et al.).[1] 
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Figure S7. HAADF-STEM and EELS characterization of -Fe2O3. (a) Overview HAADF-
STEM image of β-Fe2O3. (b) Magnified HAADF-STEM image of the region indicated by the 
white box in (a). (c) HAADF-STEM image of the EELS spectrum imaging (SI) region 
highlighted in (b). (d) Fe L2,3 edge EELS signals collected from the regions indicated by the 
green and red boxes in (c). The EELS spectra from the surface [1, 2, 3] and inner layers [4] 
are all very similar, and correspond to the Fe(III) local structure. No appreciable evidence for 
surface reduction was observed.  
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Figure S8. Low-loss EELS measurements for band-gap determination and sketch of the band 
edge positions for -, - and -Fe2O3 nanomaterials. (a) Background (power law) subtracted 
EELS spectra of -, - and ε-Fe2O3. The contributions around 9 eV are due to valence 
electron excitations. Energy gap values can be estimated by the onset of the low-loss region 
around 2 eV. (b) Detailed view of the energy gap region. A linear fit of the experimental 
curves extrapolated to zero yields band-gap values of 2.1 ± 0.1 eV for -Fe2O3, 2.4 ± 0.1 eV 
for β-Fe2O3, and 2.2 ± 0.1 eV for ε-Fe2O3. (c) Band-gap energies and band positions of -, - 
and ε-Fe2O3 relative to the water oxidation/reduction potential [dashed blue lines; reported vs. 
normal hydrogen electrode (NHE) at pH = 0]. The redox potential of the H+/H2 couple at pH 
= 7 (dotted green line), corresponding to the presently adopted conditions, is also marked. For 
each Fe2O3 polymorph, the bottom edge of the conduction band and the top edge of the 
valence band are reported on an eV scale with respect to NHE.  
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Figure S9. Schematic representation of the reactor used for photoreforming experiments. 
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Chapter 3
F-doped Fe2O3 nanosystems by
PECVD
3.1 Introduction
As previously discussed, iron(III) oxide nanomaterials have been widely investigated
thanks to their appealing functional properties for various advanced applications. On the
other hand, the most abundant and investigated iron(III) oxide, α-Fe2O3, suffers from
some drawbacks, such as high resistivity, fast carrier recombination and short carrier
diffusion length.17,118,119 Furthermore, the indirect band gap of hematite results in a high
radiation penetration depth, responsible for a low electrons/holes (e−/h+) concentration
at the material surface.120
As already discussed in Chapter 2, the fabrication of iron oxide materials with con-
trolled nanostructure is an amenable route to circumvent such problems. In particular,
columnar nanostructures offer the possibility of absorbing a significant light fraction while
providing short carrier transport distances.7,32,121
Other attractive strategies to enhance functional performances involve iron oxide dop-
ing with suitable elements. To date, many examples regarding the cationic (such as Mg2+,
Cu2+, Zn2+, Ti4+, Sn4+, . . .) doping of hematite are available in literature.45,119,122–126
Conversely, the use of anionic dopants, such as fluorine, has not been considered so far,
despite F introduction in metal oxides can boost various beneficial effects. In particular,
the passivation of surface defects by fluorine can prevent the detrimental recombination
of photogenerated electrons/holes, resulting in a higher charge carrier lifetime.117,127,128
Furthermore, F doping of oxide matrices might increase both the system electrical conduc-
tivity and absorption coefficient.54 The latter phenomenon, in turn, produces an improved
light harvesting, of great importance for photoactivated applications. Last but not least,
the substitution of O by F increases the Lewis acidity of iron centers, due to the electron
withdrawing effect exerted by fluorine, enhancing thus the system catalytic activity, of
interest for various end-uses.129–131
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In an attempt to improve iron(III) oxide functional properties, the second part of
this PhD work has been devoted to the synthesis and characterization of F-doped Fe2O3
nanosystems. This goal has been achieved by means of PECVD, a powerful synthetic tool
for the control of material structure, morphology and composition. As a matter of fact,
besides providing an inherent flexibility for the low-temperature growth of nanostruc-
tures with unique features,53 non-equilibrium cold plasmas offer attractive possibilities
for an in-situ doping of the growing system (see Appendix A.3.1).54 To this regard,
Fe(hfa)2TMEDA can act as a “single-source” precursor for both Fe and F, thanks to
generation of fluorinated radicals in the used plasma environment, avoiding the use of
corrosive and/or toxic fluorinated reactants (such as CF4, F2, NH4F).
37,66–68
As discussed in the pertaining publications, a proper selection of PECVD processing
conditions has enabled the preparation of fluorine-doped iron(III) oxides, with a controlled
F content. In particular, F-doped α-Fe2O3 systems supported on Si(100) substrates have
been characterized in detail (see section 3.2) and tested as photocatalysts in H2 genera-
tion by ethanol photoreforming (see section 3.3). In addition, F-doped β-Fe2O3 systems
deposited on ITO slides have been tested as photoanodes in photoelectrochemical cells
for water splitting, revealing progressive changes in the conductivity regime as a function
of the introduced fluorine content (see section 3.4).
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Figure 3.1 – Sketch of the PECVD growth process for the synthesis of α- and β-Fe2O3
columnar arrays from the Fe(hfa)2TMEDA precursor.
3.2 Synthesis and characterization of F-doped Fe2O3 nanosystems 121
3.2 Synthesis and characterization of F-doped Fe2O3
nanosystems
The present section reports on the PECVD of Fe2O3 using Fe(hfa)2TMEDA as precur-
sor. The main target of this synthetic approach was to verify the possibility of achieving
a controlled fluorine doping of iron(III) oxide by PECVD, using the above complex as
single-source molecular precursor for both Fe and F.
Growth processes were preliminarily carried out in Ar/O2 plasmas (ν = 13.56 MHz,
see Appendix A.3.1), using Si(100) as a substrate, at temperatures ranging from 100
to 400℃. The obtained materials were characterized in detail since the interrelations
between the synthesis conditions and the system characteristics are of crucial importance
for the subsequent investigation and tailoring of functional behaviour in photo-assisted
applications.
XRD structural analyses evidenced the obtainment of single-phase α-Fe2O3-based ma-
terials in the 200-400℃ growth temperature range. At 100℃, no appreciable diffraction
peaks could be detected, due to the reduced system crystallinity.
The deposition temperature remarkably affected even the system morphology, with
nanostructures shapes ranging from rod-like to lamellar, as revealed by FE-SEM studies.
In particular, the 100℃ sample was characterized by vertically aligned columnar struc-
tures (mean thickness = 200 nm), whereas upon increasing the substrate temperature
to 200 or 300℃ the appearance of lamellar-like features with average length of 350 nm
was observed. In a different way, the specimen grown at 400℃ showed two different sets
of nano-objects: rod-like and lamellar structures (mean length of 180 and 300 nm, re-
spectively). As a general observation, the nano-organization of the synthesized systems,
suggesting a high active area, appeared extremely promising in view of photocatalysis
applications.
A further insight into the material nanostructure was gained by the use of ED and
HR-TEM analyses. Whereas ED patterns confirmed the formation of polycrystalline α-
Fe2O3 nanostructures, HR-TEM provided information on the material growth directions
as a function of the deposition temperature.
In order to investigate F presence, chemical nature and spatial distribution, a detailed
surface and in-depth compositional analysis was carried out by the complementary use
of XPS and SIMS techniques. In particular, the F1s photoelectron peak could be de-
composed by two different components [(I) and (II)], attributed to Fe−F bonds with F
substitutional for O and CFx moieties, respectively. Remarkably, the component (I) was
retained even in the inner material layers. Interestingly, the fluorine amount could be
tailored as a function of the adopted deposition temperature, progressively diminishing
from 12.0 to 2.0 at.% on going from 100 to 400℃. This linear decrease was confirmed
by in-depth SIMS measurement, that also showed an almost parallel trend for F and Fe
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signals, pointing out the achievement of a homogeneous doping throughout the whole
deposit thickness.
In conclusion, under optimized PECVD conditions, F-doped iron(III) oxide nanoma-
terials could be synthetized using Fe(hfa)2TMEDA as molecular precursor. Notably, a
uniform fluorine doping could be successfully achieved, with a loading tunable as a func-
tion of the growth temperature. The performed characterization highlighted that a change
in deposition temperature also had a significant influence on the material morphology.
Further details on the synthesis and characterization on the present F-doped iron(III)
oxides are reported in the following article37 (reprinted with permission from The Royal
Society of Chemistry). Considering the novelty and importance of anionic doping of
Fe2O3, a paper specifically devoted to a detailed XPS analysis has also been published
66
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Fluorine doped Fe2O3 nanostructures by a one-pot
plasma-assisted strategy†
G. Carraro,a A. Gasparotto,a C. Maccato,a E. Bontempi,b O. I. Lebedev,c S. Turner,d
C. Sada,e L. E. Depero,b G. Van Tendelood and D. Barreca*f
The present work reports on the synthesis of fluorine doped Fe2O3 nanomaterials by a single-step plasma
enhanced-chemical vapor deposition (PE-CVD) strategy. In particular, Fe(hfa)2TMEDA (hfa ¼ 1,1,1,5,5,5-
hexafluoro-2,4-pentanedionate; TMEDA ¼ N,N,N0,N0-tetramethylethylenediamine) was used as molecular
source for both Fe and F in Ar/O2 plasmas. The structure, morphology and chemical composition of the
synthesized nanosystems were thoroughly analyzed by two-dimensional X-ray diffraction (XRD2), field
emission-scanning electron microscopy (FE-SEM), X-ray photoelectron spectroscopy (XPS), secondary ion
mass spectrometry (SIMS) and transmission electron microscopy (TEM). A suitable choice of processing
parameters enabled the selective formation of a-Fe2O3 nanomaterials, characterized by an
homogeneous F doping, even at 100 C. Interestingly, a simultaneous control of the system nanoscale
organization and fluorine content could be achieved by varying the sole growth temperature. The
tailored properties of the resulting materials can be favourably exploited for several technological
applications, ranging from photocatalysis, to photoelectrochemical cells and gas sensing.
1. Introduction
Over the last decade, Fe2O3 has undoubtedly been one of the
most investigated metal oxides, due to its abundance, non-
toxicity and multi-functional properties.1–7 In particular, nano-
scale Fe2O3 systems hold signicant promise for magnetic,
electrochemical and photocatalytic applications.8–13 Among the
various iron(III) oxide polymorphs, a-Fe2O3 (hematite), the most
stable one, is an attractive candidate for photocatalytic and
photoelectrochemical water splitting promoted by solar radia-
tion, due to its suitable band gap (Eg z 2.2 eV), chemical
stability and low cost.7,13–20 Nevertheless, a-Fe2O3 materials
suffer from some disadvantages – such as high resistivity and
fast recombination of photogenerated electrons/holes – which,
in spite of several efforts, are far from being completely over-
come.2,5,11,14–16,18,21 To this regard, the ability to develop and
process iron oxide-based systems with controlled nano-organi-
zation plays a key role for the fabrication of advanced nano-
devices.1,11,12,15,17,18 So far, several preparation strategies have
been adopted for the synthesis of Fe2O3 nanosystems, such as
hydrothermal approaches,5,12,22 ballistic deposition,3,20 sol–gel,1
spray pyrolysis,6,19 electrochemical routes,17 atomic layer depo-
sition14 and chemical vapor deposition (CVD).8–10,16,23 Along with
the preparation route, further degrees of freedom to control
Fe2O3 nanosystem properties are offered by its doping with
suitable elements.4,18 To date, several examples regarding the
introduction of cationic dopants into hematite are available in
the literature,5,6,13,20,22,24 whereas the use of anionic dopants,
such as uorine, deserves further attention. As a matter of fact,
F introduction in metal oxides can boost various benecial
effects, favorably affecting the material functional perfor-
mances due to the concurrence of different phenomena.25,26 In
particular, the passivation of surface defects by uorine can
prevent the detrimental recombination of photogenerated
electrons and holes, resulting in a higher charge carrier life-
time. Furthermore, F doping of oxide matrices might increase
both the system electrical conductivity and absorption coeffi-
cient. The latter phenomenon, in turn, produces an improved
light harvesting, of great importance for photoactivated appli-
cations. Last but not least, the substitution of O by F increases
the Lewis acidity of iron centers, due to the electron with-
drawing effect exerted by uorine, enhancing thus the system
catalytic activity.25–30 Yet, in spite of these advantageous effects,
F-doping of iron oxide photocatalysts has never been reported
in the literature up to date.
Among the various approaches, PE-CVD has been shown to
be a powerful synthetic tool for the control of material structure,
morphology and composition.7,16,25,31,32 Besides providing an
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inherent exibility for the low-temperature growth of nano-
structures with unique features, the use of non-equilibrium
cold plasmas offers attractive possibilities for an in situ doping
of the growing systems, due to the generation of uorinated
radicals in the plasma environment.26 In particular, in this work
we propose an amenable approach for the in situ synthesis and
simultaneous F doping of hematite, involving the PE-CVD of
a-Fe2O3 from Fe(hfa)2TMEDA in Ar/O2 plasmas at 100–400 C.
Under these conditions, the adopted compound acts as a
“single-source” precursor for both Fe and F, allowing to
conveniently avoid the use of corrosive and/or toxic reactants
(such as CF4, F2, NH4F,.) and to prevent thermal stress/
cracking phenomena occurring at higher temperatures.33 Rele-
vant results concerning the system chemico-physical features
show that the obtained iron oxide materials present a controlled
nano-organization, as well as a uorine content directly
dependent on the adopted growth temperature.
2. Experimental
2.1. Synthesis
The iron(II) molecular precursor Fe(hfa)2TMEDA was synthesized
following a recently reported literature procedure.34,35 Si(100)
substrates (1.5 1.5 cm2) were purchased fromMEMC (Merano,
Italy). Prior to deposition, the substrates were cleaned by iterative
dipping in a sulphonic detergent solution, deionized water and
isopropylic alcohol, and nally dried under an Ar ow.
Growth experiments were carried out in Ar/O2 plasmas (ow
rates ¼ 15 and 20 sccm), respectively, using a custom-built two-
electrode radio frequency (RF, n ¼ 13.56 MHz) PE-CVD appa-
ratus36 (interelectrode distance ¼ 6 cm). Aer preliminary
optimization experiments, the total pressure, deposition time
and RF-power were kept constant at 1.0 mbar, 60 min and 10 W,
respectively. Fe(hfa)2TMEDA, introduced in an external glass
vessel, was vaporized at 65 C by means of an oil bath, and its
vapors were transported into the reaction chamber by an Ar ow
(rate ¼ 60 sccm). Gas lines were heated to 140 C to prevent
detrimental precursor condensation phenomena. Basing on
preliminary experiments, four different deposition tempera-
tures (100, 200, 300 and 400 C) were adopted.
2.2. Characterization
XRD2 images were collected by a Dymax-RAPID X-ray micro-
diffractometer with a cylindrical imaging plate detector, that
allows data acquisition in the 2q ranges 0–160 (horizontally)
and 45 to +45 (vertically) using CuKa radiation. Measure-
ments were performed in reection mode, adopting a colli-
mator diameter of 300 mm and an exposure time of 30 min for
each XRD2 pattern.
FE-SEM micrographs were acquired using a Zeiss SUPRA
40VP instrument, at a primary beam acceleration voltage of
10 kV.
XPS analyses were performed on a Perkin-Elmer F 5600ci
spectrometer, using a non-monochromatized AlKa excitation
source (hn ¼ 1486.6 eV), at working pressures lower than 108
mbar. Binding energy (BE, standard deviation ¼ 0.2 eV) shis
were corrected for charging assigning a value of 284.8 eV to the
adventitious C1s signal. Ar+ sputtering was carried out at 3.0 kV
with an Ar partial pressure of 5  108 mbar. Peak tting was
performed by a least-squares procedure, adopting Gaussian–
Lorentzian peak shapes. The atomic percentages (at.%) were
calculated by peak integration using standard PHI V5.4A
sensitivity factors.
SIMS measurements were carried out by means of a Cameca
IMS 4f spectrometer adopting a 14.5 keV Cs+ primary beam
(current ¼ 20 nA), by negative secondary ion detection and
electron gun charge compensation. Measurements were per-
formed in high mass resolution conguration to avoid mass
interference artefacts.
Samples for plane-view (pv) and cross-sectional (cs) TEM
analyses were thinned down to electron transparency by pol-
ishing and ion-milling in a Balzers ion mill, starting with a 8 kV
beam until perforation, continuing with a 5 kV beam for thin-
ning and a 2 kV beam for nal polishing. Conventional TEM,
electron diffraction (ED) and high resolution (HR)-TEM anal-
yses were performed using a Tecnai G2 30 UTmicroscope with a
0.17 nm point resolution, operated at 300 kV.
3. Results and discussion
In order to attain an insight into the system microstructure,
with particular attention to the possible co-presence of various
Fe2O3 polymorphs, XRD
2 experiments were carried out (Fig. 1).
At the lowest deposition temperature (100 C), no appre-
ciable diffraction peaks could be detected, due to the reduced
system crystallinity. In a different way, for temperatures
between 200 and 400 C, the recorded XRD2 images demon-
strated the selective growth of pure a-Fe2O3. In particular, at
200 C peaks located at 2q¼ 35.6 and 63.7, related to (110) and
(300) a-Fe2O3 (hematite, rhombohedral) reections, were
observed. Upon further increasing the growth temperature,
patterns were characterized by the appearance of additional
reections at 2q ¼ 24.1 (012), 33.1 (104), 40.8 (113), 49.4
(024), 54.0 (116), 57.7 (018) and 62.3 (214).37 As a general
observation, at 300 C the higher relative intensity of the (110)
peak suggested the occurrence of a preferred orientation along
this direction. This is conrmed by the corresponding XRD2
image, showing that Debye rings intensities are not homoge-
neously distributed along the rings.38
Interestingly, the high (110)/(104) intensity ratio means that
the Fe basal planes are perpendicular to the substrate. Since the
conductivity parallel to the basal plane is higher than the one
along the perpendicular direction, this can result in improved
functional performances, especially in photoelectrochemical
applications.20
As already anticipated, one of the main goals of the present
work is the doping of iron(III) oxide with uorine. In this regard,
the analysis of the surface and in-depth system composition as
a function of the synthesis conditions was accomplished by the
complementary use of XPS and SIMS. The chemical composi-
tion of the prepared systems has been preliminarily investi-
gated by XPS survey scans (Fig. S1, ESI†), showing the presence
of Fe, O and F, along with the occurrence of C contamination.
This journal is ª The Royal Society of Chemistry 2013 RSC Adv., 2013, 3, 23762–23768 | 23763
Paper RSC Advances
3.2 Synthesis and characterization of F-doped Fe2O3 nanosystems 125
The disappearance of carbon peaks to noise level aer 10 min
of Ar+ erosion evidenced the high purity of the obtained
systems. The progressive intensity decrease of the F1s peak for
higher deposition temperatures suggests the possibility of
tailoring the uorine doping level as a function of the adopted
conditions (see below). Fig. 2a displays the surface Fe2p signal
for a specimen grown at 200 C. For all the analyzed systems,
the Fe2p peak position [BE(Fe2p3/2) ¼ 711.3 eV; spin–orbit
separation ¼ 13.8 eV] and the low intensity of shake-up satel-
lites were in good agreement with the presence of iron(III) oxide,
free from other Fe-containing species (see also Fig. S2,
ESI†).8,10,11,23,39 Regarding oxygen, the O1s peak (Fig. S3, ESI†)
was characterized by the occurrence of two main contributions
at BE ¼ 530.0 eV, due to lattice oxygen in a-Fe2O3, and 531.8 eV,
ascribed to chemisorbed hydroxyl groups.8,11,22,23,39 In order to
get detailed information on the content and nature of uori-
nated species incorporated in the samples, particular attention
was devoted to the analysis of the F1s photopeak (see Fig. 2b
and S2, ESI†). As exemplied by Fig. 2b, this signal could be
tted by means of two different components, located at 684.7 (I)
and 688.5 eV (II), respectively. The rst band was attributed to
the incorporation of uorine into the iron(III) oxide lattice,
resulting in the formation of Fe–F bonds. As a matter of fact,
similar BE peak positions have been reported for other metal
oxides doped with uorine.25,26,28,30 On the other hand, the
second contribution at BE ¼ 688.5 eV could be related to
undecomposed CFx precursor residuals.7,25,26,30 It is worthwhile
mentioning that this component completely disappeared aer
a few minutes of Ar+ erosion, suggesting that the presence of
CFx moieties was conned to the outermost sample region.
Conversely, component I, related to lattice uorine, was
retained even in the inner material layers (see Fig. S4, ESI†).
Interestingly, the overall uorine loading in the obtained Fe2O3
systems could be tailored as a function of the adopted deposi-
tion temperature, progressively decreasing from 12.0 at.%
(at 100 C) to 2.0 at.% (at 400 C). A similar temperature
dependence was observed for F doped Si and Co oxides
synthesized by PE-CVD.26,33
To further investigate the material composition, in-depth
SIMS measurements were carried out (Fig. 3). In general, all the
samples presented a well-dened interface with the silicon
substrate and an uniform composition throughout the entire
thickness, as demonstrated by the O, Fe and F ionic yields.
Remarkably, the almost parallel trend of uorine with respect to
iron signal pointed out to the achievement of a homogeneous
Fe2O3 doping. To attain a relative estimation of uorine
concentration at different temperatures, the integral of F signal
(IF) as a function of depth was estimated for the various speci-
mens throughout their thickness. IF is in fact proportional to
the areal density (expressed in at per cm2), i.e. uorine
concentration for unit surface. The results, plotted as ln(IF) in
Fig. 3c, display a linear dependence on temperature, with a
decay constant close to 50  2 C. This result highlights the
Fig. 2 Core-level Fe2p (a) and F1s (b) surface peaks for an a-Fe2O3 specimen
grown at 200 C.
Fig. 1 XRD2 maps and integrated XRD spectra for a-Fe2O3 nanosystems
deposited at various temperatures. The substrate peak is marked withC.
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possibility of controlling F loading by tuning of the deposition
temperature, an important issue to tailor the system properties
affected by the dopant concentration.
Important preliminary clues on the system morphology as a
function of the growth temperature were obtained by pv and cs
FE-SEM analyses. Representative micrographs are displayed in
Fig. 4. As a general observation, all specimens showed the
presence of elongated nanostructures oriented almost perpen-
dicularly to the substrate surface. In particular, the 100 C
sample was characterized by uniformly interconnected globular
agglomerates (mean diameter¼ 70 10 nm), resulting from the
aggregation of vertically aligned columnar structures (length ¼
200  10 nm). An increase of the substrate temperature to
200 C produced a morphology evolution, resulting in the
appearance of lamellar-like features with average width and
length of 100  30 and 350  40 nm, respectively.
Whereas no dramatic difference in system nano-organiza-
tion at 200 and 300 C was observed, the specimen grown at
400 C showed two different sets of nano-objects, namely rod-
like structures (diameter ¼ 20  5 nm, length ¼ 180  20 nm)
and lamellar structures (width ¼ 30  7 nm, length ¼ 300 
20 nm). As a general observation, the nano-organization of the
synthesized systems, suggesting a high active area, appears
extremely promising in view of potential photocatalytic/sensing
applications. In addition, nanostructures with reduced lateral
size, like the present ones, offer the possibility of absorbing a
signicant light fraction while providing short charge carrier
transport distances, minimizing thus recombination los-
ses.3,15,17 Typical growth rate values, calculated as the ratio
between the overall specimen thickness and the deposition
duration (60 min, see above) ranged between 3 and 6 nmmin1
in the adopted temperature range.
A further insight into the system nano-organization was
gained by the use of advanced TEM analyses, which were carried
out on representative samples grown at 300 and 400 C. Selected
Fig. 3 (a and b) SIMS depth profile for samples deposited at 100 C and 400 C
respectively. (c) Fluorine amount as a function of the deposition temperature.
Fig. 4 FE-SEM pv (left) and cs (right) micrographs of Fe2O3 nanomaterials
prepared at different deposition temperatures.
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pv and cs bright eld-TEM micrographs (Fig. 5) displayed the
presence of columnar iron oxide structures, as already evi-
denced by FE-SEM analyses. ED patterns demonstrated that all
grains exhibited the a-Fe2O3 (hematite) crystal structure,37 in
agreement with XRD results (see Fig. 1).
The specimen grown at 300 C shows irregularly shaped,
vertically aligned grains. The ED ring pattern taken from the cs
sample conrmed its polycrystalline nature. Regarding the
sample deposited at 400 C, two regions with different
columnar structures could be observed. The region indicated by
I in both the pv and cs images displays a-Fe2O3 columns
growing nearly perpendicular with respect to the substrate
surface. In a different way, in region II the columns grew
inclined with respect to the substrate. The electron diffraction
ring pattern recorded in pv orientation again clearly conrmed
the sample polycrystalline nature. A diffraction pattern taken
from a single grain in cs indicated its single crystal nature, free
from extended defects.
To achieve more detailed information, HR-TEM imaging was
undertaken on representative grains of both samples. Fig. 6a
provides a pv TEM image of the specimen grown at 300 C. Four
inter-grown a-Fe2O3 grains in this sample are displayed in low-
magnication in (b), and in high resolution in (c). All four
grains are imaged along the [100] zone axis and display a
rounded, irregular morphology. A typical cs grain structure,
showing near to c-oriented growth and imaged along the [110]
zone axis orientation, is reported in Fig. 7. Again, the highly
irregular shape of the a-Fe2O3 crystal columns is clearly
conrmed. HR-TEM images of the sample synthesized at 400 C
(Fig. 8), acquired in cs, demonstrate that the columns in region
I generally show a more rounded morphology (here with a near
Fig. 5 (a) Pv bright field-TEM images of samples deposited at 300 and 400 C.
The corresponding ED patterns, all of which can be indexed to a-Fe2O3, are dis-
played for each of the two specimens. (b) Cs bright field-TEM images for both
samples.
Fig. 6 Pv bright field-TEM (a and b) and HR-TEM (c) images of the Fe2O3 sample
grown at 300 C.
Fig. 7 Cs bright field-TEM (a) and HR-TEM (b) images of the Fe2O3 sample
grown at 300 C.
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[001] growth direction), while the columns in region II evi-
denced a more sharply faceted saw-tooth shape (here with a
near [120] growth direction).
4. Conclusions
This study was devoted to the development of a PE-CVD
approach to uorine doped iron(III) oxide nanosystems, using
Fe(hfa)2TMEDA as a single-source molecular precursor for
both iron and uorine. The obtained materials, deposited at
temperatures from 100 to 400 C on Si(100) substrates under
Ar/O2 plasmas, showed the presence of the sole a-Fe2O3
(hematite) polymorph, and were composed of elongated
nanostructures, with shapes ranging from lamellar to rod-like
as a function of the processing parameters. Notably, a
uniform in-depth uorine doping could be successfully ach-
ieved, with an overall content tunable as a function of the
adopted growth temperature. In addition, (HR)-TEM results
clearly indicated that a change in deposition temperature had
a signicant inuence on the morphology of the deposited
materials.
The possibility to fabricate iron oxide nanostructures with a
selected uorine doping and a tunable nanoscale organization
opens intriguing perspectives in various technological elds,
such as solid-state gas sensing, photoassisted catalytic
processes and photoelectrochemical cells. In particular, the
fundamental information on the interrelations between the
synthesis conditions and material characteristics, provided by
the present work, is of crucial importance for the subsequent
investigation and tailoring of functional behavior. To this
regard, further efforts in the optimization of the target materials
for their technological exploitation will be the subject of our
future work, devoting also particular attention to the introduc-
tion of functional activators (such as Cu, Ag and Au-based
nanoparticles) to enhance the performances of the obtained
iron(III) oxide nanostructures.
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Figure S1. Surface XPS survey spectra for F-doped Fe2O3 specimens deposited at various 
temperatures. 
 
In
te
ns
ity
 (a
.u
.)
695 690 685 680
BE (eV)
F1s  300°C
 400°C
In
te
ns
ity
 (a
.u
.)
740 730 720 710 700
BE (eV)
 300°C
 400°C
Fe2p
 
Figure S2. Core-level Fe2p and F1s surface peaks for specimen grown at 300 and 400°C. 
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Figure S3. Core-level O1s surface peak for specimen grown at 300°C. 
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Figure S4. Core-level F1s peak for specimen grown at 300°C as a function of the Ar+ sputtering 
time. 
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Technique: XPS
Host Material: Fe2O3 by PE-CVD
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Major Elements in Spectra: C, O, I, Fl
Minor Elements in Spectra: none
Published Spectra: 5
Spectra in Electronic Record: 7
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Fluorine-Doped Iron Oxide Nanomaterials
by Plasma Enhanced-CVD: An XPS Study
Giorgio Carraro,a) Alberto Gasparotto, and Chiara Maccato
Padova University and INSTM, Department of Chemistry, via Marzolo 1, Padova, 35131, Italy
Davide Barreca
CNR-ISTM and INSTM - Padova University, Department of Chemistry, via Marzolo 1,
Padova, 35131, Italy
(Received 7 January 2013; accepted 12 March 2013; published 24 April 2013)
In this work, we report on a single-step Plasma Enhanced-Chemical Vapor Deposition (PE-CVD)
process for the synthesis of iron(III) oxide based nanomaterials. A key feature of the adopted
fabrication strategy is the use of a fluorinated Fe(II) b-diketonate diamine precursor, enabling a
homogeneous Fe2O3 in-situ doping and resulting in a tunable fluorine content as a function of
deposition temperature. To this regard, a detailed study of the nature and amount of fluorine-
containing moieties is strongly required in view of the process optimization. Specifically, X-ray
Photoelectron Spectroscopy (XPS) analysis represents a strategic tool to evaluate the system
chemical composition, and also to evidence the presence of fluorine in different chemical states,
such as lattice fluorine (F-Fe) and traces of precursor residuals (CFx) at the system surface. In the
present study, spectroscopic data are presented and discussed in detail for a representative Fe2O3
specimen.VC 2013 American Vacuum Society. [http://dx.doi.org/10.1116/11.20130101]
Keywords: iron oxide; fluorine doping; PE-CVD; x-ray photoelectron spectroscopy
PACS: 81.16.-c, 82.80.Pv, 61.72.up, 52.77.Dq, 79.60.Jv
INTRODUCTION
In the last decades, the development of multi-functional nano-
systems has drawn a remarkable attention thanks to their unique
properties arising from their peculiar structure, morphology and
composition (Refs. 1–9). In this context, iron(III) oxides
(Fe2O3) have been the focus of intensive research efforts thanks
to their accessibility to different polymorphs (a, b, c, and e
being the most common), variety of electronic/magnetic prop-
erties, ample abundance and biocompatibility. Among the vari-
ous Fe2O3 technological applications, photo-catalytic solar
hydrogen production from renewable resources has emerged as
a key applicative option for a sustainable energy production
(Refs. 1–3). To this aim, most of the studies have been devoted
to hematite (a-Fe2O3) as photo-catalyst, whose main shortcom-
ings are the low absorption coefficient and high carrier recom-
bination rate (Refs. 5 and 6). In order to overcome these
drawbacks, a promising strategy involves hematite doping with
suitable elements. Up to date, only the introduction of cationic
dopants into Fe2O3 (such as Mg, Si, Ti, Cu, Zn) (Refs. 7–9),
has been reported in the literature, whereas anionic doping (for
instance, by fluorine) has never been attempted. Nevertheless,
this route may improve solar light harvesting and can result in
the passivation of surface defects, ultimately resulting in
improved photo-catalytic perfomances (Refs. 2, 10, and 11). In
this study, fluorine-doped Fe2O3 nanomaterials have been fabri-
cated on Si(100) by PE-CVD starting from a fluorinated
iron(II) precursor. The syntheses were peformed at growth tem-
peratures as low as 100 C, of great interest for the possible
deposition on thermally labile substrates. A thorough XPS anal-
ysis was carried out in order to gain information on the surface
composition, with particular focus on the amount of fluorinated
species and their chemical environment. In the following, the
detailed analysis of the C 1s, O 1s, Fe 2p and F 1s photoelec-
tron signals is reported and discussed.
SPECIMEN DESCRIPTION (ACCESSION #01248)
Host Material: Fe2O3 by PE-CVD
CAS Registry #: unknown
Host Material Characteristics: homogeneous; solid; polycrystal-
line; semiconductor; inorganic compound; thin film
Chemical Name: fluorine-doped iron(III) oxide
Source: sample deposited on Si(100) substrate by PE-CVD.
Host Composition: Fe, O, F
Form: supported nanosystem
Lot #: 005FeO
Structure: The system morphology has been analyzed by Field
Emission-Scanning Electron Microscopy (FE-SEM), showing
the presence of iron oxide columnar aggregates aligned per-
pendicularly to the growth surface, with a mean lateral size of
50 nm and length of 200 nm (compare survey figure Accession
#1248-01).
History & Significance: Fluorine-doped iron(III) oxide nanoma-
terials were fabricated from Ar/O2 plasmas by means of a
home-made PE-CVD instrument equipped with a Radio
Frequency (RF, frequency = 13.56 MHz) generator (Ref. 12).
Fe(hfa)2TMEDA (hfa = 1,1,1,5,5,5 - hexafluoro - 2,4 - penta-
nedionate; TMEDA = N,N,N’,N’ - tetramethylethylenedi-
amine) was used as iron molecular source and synthesized
following a recently reported procedure (Refs. 13 and 14). The
precursor was placed in an external vessel (vaporization tem-
perature = 65 C) and transported into the reaction chamber by
means of an Ar flow (rate = 60 sccm). Two further auxiliary
gas-lines were used to introduce Ar (rate = 15 sccm) and O2
a)Author to whom correspondence should be addressed.
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(20 sccm) directly into the reactor chamber. The gas line tem-
perature was set at 140 C in order to prevent precursor con-
densation phenomena. Growth experiments were carried out
under optimized conditions (total deposition time = 1 h, RF-
power = 10 W, total pressure = 1.0 mbar) on pre-cleaned
Si(100) substrates (area = 15  15 mm2) maintained at a tem-
perature of 100 C. After preparation, the specimen was stored
in a dessicator under vacuum for less than one week before
analyses.
As Received Condition: as grown
Analyzed Region: same as the host material
Ex Situ Preparation/Mounting: Specimen mounted as received
with a metallic clip on a grounded sample holder and intro-
duced into the analysis chamber through a fast entry lock
system
In Situ Preparation: none
Pre-Analysis Beam Exposure: The analysed region was exposed
to X-ray irradiation for alignment for a period no longer than
5 min.
Charge Control: See Analysis Methods, Energy Scale
Correction.
Temp. During Analysis: 298 K
Pressure During Analysis: <1  107 Pa
INSTRUMENT DESCRIPTION
Manufacturer and Model: Perkin-Elmer Physical Electronics,
Inc. 5600ci
Analyzer Type: spherical sector
Detector: multi-channel detector, part number 619103
Number of Detector Elements: 16
INSTRUMENT PARAMETERS COMMON TO ALL SPECTRA
 Spectrometer
Analyzer Mode: constant pass energy
Throughput (T=EN): N=0
Excitation Source Window: 1.5 lm Al window
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Beam Size: >25000 lm  >25000 lm
Signal Mode: multichannel direct
 Geometry
Incident Angle: 9
Source to Analyzer Angle: 53.8
Emission Angle: 45
Specimen Azimuthal Angle: 0
Acceptance Angle from Analyzer Axis: 0
Analyzer Angular Acceptance Width: 14  14
 Ion Gun
Manufacturer and Model: PHI 04-303A
Energy: 3000 eV
Current: 0.4 mA/cm2
Current Measurement Method: Faraday cup
Sputtering Species: Ar+
Spot Size (unrastered): 250 lm
Raster Size: 2000 lm  2000 lm
Incident Angle: 40
Polar Angle: 45
Azimuthal Angle: 111
Comment: differentially pumped ion gun
DATA ANALYSIS METHOD
Energy Scale Correction: No charging correction was necessary.
Recommended Energy Scale Shift: none
Peak Shape and Background Method: After a Shirley-type
background subtraction, peak position and widths were deter-
mined from a least-square fitting procedure.
Quantitation Method: The atomic concentrations were calculated
by using sensitivity factors taken from standard PHI V5.4A
software. The peak areas were measured above an integrated
background.
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SPECTRAL FEATURES TABLE
Spectrum
ID #
Element/
Transition
Peak
Energy
(eV)
Peak
Width
FWHM
(eV)
Peak
Area
(eV 3 cts/s)
Sensitivity
Factor
Concentration
(at. %) Peak Assignment
01248-02a C 1s 284.8 1.9 5266.7 0.296 8.4 Adventitious surface contamination
01248-02a C 1s 286.3 2.1 2775.0 0.296 4.5 Carbonates
01248-02a C 1s 289.0 2.3 1995.0 0.296 3.2 C-F species
01248-02a C 1s 292.6 2.0 1520.0 0.296 2.5 C-F2 species
01248-03b O 1s 530.0 1.9 32620.0 0.711 21.9 Lattice oxygen in Fe2O3
01248-03b O 1s 531.8 2.7 26886.7 0.711 18.0 Adsorbed -OH groups and carbonates
01248-04c Fe 2p   139457.5 2.957 22.4 Fe(III) in Fe2O3
01248-04 Fe 2p3/2 711.3 3.7    Fe(III) in Fe2O3
01248-04 Fe 2p1/2 724.5 4.0    Fe(III) in Fe2O3
01248-05d F 1s 684.5 2.1 21586.7 1 10.3 F in F-Fe moieties
01248-05d F 1s 688.3 2.4 18533.3 1 8.8 C-F and C-F2 species fragments
a The sensitivity factor is referred to the whole C 1s signal.
b The sensitivity factor is referred to the whole O 1s signal.
c The sensitivity factor, peak amplitude and concentration are referred to the whole Fe 2p signal.
d The sensitivity factor is referred to the whole F 1s signal.
Footnote to Spectrum 01248-02: The surface C 1s peak can be decomposed into four different components, highlighting the co-presence of carbon
species in different chemical environments. The main one, located at 284.8 eV (45.6% of the total C content), is assigned to adventitious con-
tamination (Refs. 15–18), whereas the one located at 286.3 eV (24.0% of the total C content) can be attributed to the presence of adsorbed car-
bonates arising from air exposure (Refs. 16–18). The two bands at 289.0 and 292.6 eV (17.3% and 13.1% of the total C amount, respectively)
can be ascribed to CF and CF2 species (Refs. 16 and 17), due to an incomplete decomposition of the precursor fluorinated ligands. Notably,
the surface C 1s photoelectron signal fell to noise level after 10 min Ar+ erosion, indicating thus that carbon presence is limited to the sample
surface.
Footnote to Spectrum 01248-03: The O 1s surface peak can be fitted by two contributing bands. The main one, located at BE = 530.0 eV (54.8% of
the total oxygen) is ascribed to lattice oxygen in iron oxide. The contribution at 531.8 eV is attributed to surface adsorbed -OH groups and car-
bonate species (Refs. 4, 15, 16, and 19).
Footnote to Spectrum 01248-04: The Fe 2p photoelectron peak showed two well-separated spin-orbit components. Their location and spacing
[BE(Fe 2p3/2) = 711.3 eV; BE(Fe 2p1/2) = 724.6 eV; BE difference = 13.3 eV] are in good agreement with the presence of Fe(III) in Fe2O3 (Refs.
4, 8, 15, 16, and 19).
Footnote to Spectrum 01248-05: The F 1s signal can be decomposed into two bands. The main one, located at 684.5 eV (53.8% of the total F con-
tent), is related to lattice fluorine species (Refs. 2, 10, 16–18, 20) whereas the second one at BE = 688.3 eV can be attributed to C-Fx moieties
(Refs. 2, 16–18), in line with data pertaining to the C 1s peak (see Accession #1248-02). Interestingly, while the latter component completely
disappeared after 10 min Ar+ sputtering, lattice F was still present after erosion. Such a phenomenon, ascribed to the plasma-assisted genera-
tion of fluorine radicals and their effective incorporation into the oxide matrix during the PE-CVD process, highlights the potential of the adopted
synthetic strategy to fabricate homogeneously doped nanomaterials (Ref. 21).
ANALYZER CALIBRATION TABLE
Spectrum
ID #
Element/
Transition
Peak Energy
(eV)
Peak Width
FWHM (eV)
Peak Area
(eV 3 cts/s)
Sensitivity
Factor
Concentration
(at. %)
Peak
Assignment
01249-01a Au 4f7/2 84 1.4 186403   Au(0)
01250-01a Cu 2p3/2 932.7 1.6 86973   Cu(0)
a The peak was acquired after Ar+ erosion.
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GUIDE TO FIGURES
Spectrum
(Accession) #
Spectral
Region
Voltage
Shift* Multiplier Baseline Comment #
1248-01 survey 0 1 0
1248-02 C 1s 0 1 0
1248-03 O 1s 0 1 0
1248-04 Fe 2p 0 1 0
1248-05 F 1s 0 1 0
1249-01 [NP]** Au 4f7/2 0 1 0 1
1250-01 [NP] Cu 2p3/2 0 1 0 2
* Voltage shift of the archived (as-measured) spectrum relative to the printed figure. The figure reflects the recommended energy scale correction
due to a calibration correction, sample charging, flood gun, or other phenomenon.
** [NP] signifies not published; digital spectra are archived in SSS database but not reproduced in the printed journal.
1. Au calibration
2. Cu calibration
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Accession# 01248–01
Host Material Fe2O3 by PE-CVD
Technique XPS
Spectral Region survey
Instrument Perkin-Elmer Physical Electronics, Inc. 5600ci
Excitation Source Al Ka
Source Energy 1486.6 eV
Source Strength 200 W
Source Size >25 mm  >25 mm
Analyzer Type spherical sector
Incident Angle 9
Emission Angle 45
Analyzer Pass Energy: 187.85 eV
Analyzer Resolution 1.9 eV
Total Signal Accumulation Time 101.3 s
Total Elapsed Time 111.5 s
Number of Scans 3
Effective Detector Width 1.9 eV
Comment The strong overlap between Fe LMM and F KVV peaks prevents from an
unambiguous identification of the latter signal.
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 Accession #: 01248–03
 Host Material: Fe2O3 by
PE-CVD
 Technique: XPS
 Spectral Region: O 1s
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time: 60.3 s
Total Elapsed Time: 66.3 s
Number of Scans: 6
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
 Accession #: 01248–02
 Host Material: Fe2O3 by
PE-CVD
 Technique: XPS
 Spectral Region: C 1s
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time:
241.2 s
Total Elapsed Time: 265.3 s
Number of Scans: 24
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
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 Accession #: 01248–05
 Host Material: Fe2O3 by
PE-CVD
 Technique: XPS
 Spectral Region: F 1s
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time:
120.6 s
Total Elapsed Time: 132.7 s
Number of Scans: 12
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
 Accession #: 01248–04
 Host Material: Fe2O3 by
PE-CVD
 Technique: XPS
 Spectral Region: Fe 2p
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time:
360.8 s
Total Elapsed Time: 396.9 s
Number of Scans: 16
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
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3.3 Photo-assisted H2 generation from F-doped α-
Fe2O3 nanosystems
As discussed in Appendix C.3.2 and section 2.6, photo-assisted hydrogen generation
from aqueous solutions is a key challenge to convert solar radiation into chemical energy,
meeting the actual demand of clean and renewable power sources.
Among the various metal oxide photocatalysts, iron(III) oxides possess various in-
herent advantages and their performances can be enhanced by controlling the system
nano-organization (see section 2.6), as well as through chemical modification with suit-
able doping agents.117,127,128
Starting from the results obtained in the PECVD of F-doped iron(III) oxide described
in the previous section, selected Si(100)-supported F-doped iron(III) oxide nanomaterials
were prepared under the same conditions, by using deposition temperatures between 300
and 500℃ (see Figure 3.1). The selection of the temperature range was performed basing
on previous results and taking into account that a too high fluorine content could nega-
tively influence the system reactivity, promoting recombination losses of photogenerated
e−/h+.132,133 As a consequence, 100 and 200℃-deposited samples were discarded and the
growth temperature range was extended up to 500℃.
The prepared supported photocatalysts were tested in the photoreforming of ethanol/
water solutions for H2 evolution under simulated solar light (see Appendix C.3.2). As a
general observation, all the photocatalysts showed a high activity (up to 5 mmol×h−1×g−1),
with a nearly constant hydrogen evolution for more than 20 h of irradiation, highlighting
a very good operational stability. These system functional performances, very promising
with respect to the state-of-the-art in the field,54,117 could be attributed both to their
tailored nano-organization and to the beneficial role exerted by lattice fluorine [F1s com-
ponent (I), see section 3.2]. It is worth noting that hydrogen production rate underwent
a progressive enhancement upon increasing the growth temperature from 300 to 500℃,
highlighting also a detrimental role played by CFx moieties [F1s component (II), see
section 3.2].
In fact, the sample grown at 300℃ was characterized by a nearly six-fold higher
surface concentration of CFx species with respect to the 500℃ one. To this regard, it is
reasonable to suppose that the latter moieties can poison the catalyst active sites, with
a consequent activity degradation and a parallel decrease in the yield of photoproduced
hydrogen.
In conclusion, the present PECVD route to F-doped α-Fe2O3 nanostructures has been
shown to be an amenable strategy to obtain attractive performances in photo-assisted H2
production by the sole solar illumination. Nevertheless, in spite of the remarkable process
advantages, it is worth noting that the present photocatalytic performances are influenced
by a delicate balance between various effects. In particular, the identification of the
142 F-doped Fe2O3 nanosystems by PECVD
optimal fluorine doping level requires the independent control of lattice vs. contaminating
fluorine species through a proper engineering of the present photocatalysts. Further efforts
along this direction are already under way.
Details on the sample synthesis, characterization and functional tests are reported in
the following paper68 (reprinted with the permission of American Scientific Publishers).
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Supported F-Doped -Fe2O3 Nanomaterials:
Synthesis, Characterization and
Photo-Assisted H2 Production
Giorgio Carraro1, Davide Barreca2, Daniela Bekermann1,
Tiziano Montini3, Alberto Gasparotto1, Valentina Gombac3,
Chiara Maccato1∗, and Paolo Fornasiero3
1Department of Chemistry, Padova University and INSTM, 35131 Padova, Italy
2CNR-ISTM and INSTM, Department of Chemistry, Padova University, 35131 Padova, Italy
3Department of Chemical and Pharmaceutical Sciences, Trieste University, INSTM and
ICCOM-CNR Trieste Research Unit, 34127 Trieste, Italy
Supported fluorine-doped -Fe2O3 nanomaterials were synthesized by Plasma Enhanced-Chemical
Vapor Deposition (PE-CVD) at temperatures between 300 and 500 C, using a fluorinated iron(II)
diketonate-diamine compound as a single-source precursor for both Fe and F. The system structure,
morphology and composition were thoroughly investigated by various characterization techniques,
highlighting the possibility of controlling the fluorine doping level by varying the sole growth temper-
ature. Photocatalytic H2 production from water/ethanol solutions under simulated solar irradiation
evidenced promising gas evolution rates, candidating the present PE-CVD approach as a valuable
strategy to fabricate highly active supported materials.
Keywords: Iron Oxide, Fluorine Doping, Plasma Enhanced-Chemical Vapor Deposition, Solar
Hydrogen Production, Photoreforming.
1. INTRODUCTION
Photo-assisted hydrogen generation from aqueous solu-
tions is a key scientific and technological challenge to
convert solar radiation into fuels, meeting the actual
demand of clean and renewable energy sources.1–9 In
this regard, the development of metal oxide photocata-
lysts, especially if supported on suitable substrates, has
attracted a considerable attention for direct on-site tech-
nological utilizations.47 Among the possible active mate-
rials, iron(III) oxides display various inherent advantages,
such as abundance, low cost, non-toxicity and rich family
of polymorphs with diverse functional properties.11011 In
particular, -Fe2O3 (hematite, EG ≈ 2.2 eV), the most sta-
ble Fe2O3 phase, has been the subject of intensive studies
for solar water splitting, thanks to its low band gap, high
activity, facile synthesis and long-term stability.35–71012–15
Nevertheless, key issues to be addressed for an effi-
cient photo-activated H2 evolution from -Fe2O3 concern
the high resistivity, fast recombination of photogenerated
electrons/holes (e−/h+, and very short charge carrier
∗Author to whom correspondence should be addressed.
diffusion length.1315 In addition, the hematite indirect
band gap results in a high radiation penetration depth,
responsible for a low e−/h+ concentration at the mate-
rial surface.5 An attractive strategy to overcome the above
drawbacks is offered by the chemical modification of -
Fe2O3 with suitable doping agents and by the control of the
system nano-organization.46–81415 In this context, anion
doping of oxide phases, in particular by fluorine, offers
several benefits, from an enhanced solar light absorption
up to the passivation of surface defects, increasing the life-
time of photogenerated charge carriers.2891617 Moreover,
the electron withdrawing effect exerted by fluorine can
increase the chemical reactivity of metal centers, promot-
ing catalytic processes involved in H2 production.
218–22
Yet, in spite of these advantageous effects, F-doping of
iron oxide photocatalysts has never been reported in the
literature up to date.
In this paper, we present an original PE-CVD ap-
proach to supported F-doped iron(III) oxide (F:-Fe2O3
nanomaterials, using a single-source precursor Fe(hfa)2 ·
TMEDA (hfa= 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate;
TMEDA = N ,N ,N ′,N ′-tetramethylethylenediamine) in
Ar/O2 plasmas.
2324 Beside the inherent advantages of the
4962 J. Nanosci. Nanotechnol. 2013, Vol. 13, No. 7 1533-4880/2013/13/4962/007 doi:10.1166/jnn.2013.7584
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PE-CVD technique, leading to a unique material nano-
organization,25 the formation of fluorinated radicals in
the used plasmas enabled an in-situ anion doping dur-
ing the growth process.2 As a consequence, F:-Fe2O3
nanostructures could be deposited without the need of
additional toxic/corrosive fluorinating reactants (such as
CF4, F2, NH4F). PE-CVD of iron oxide was performed
between 300 and 500 C and followed by a multi-
technique characterization, with particular attention on
the system structure, morphology and composition. The
obtained results highlighted the possibility of growing
F-doped iron(III) oxide nanomaterials, with a fluorine
content tunable as a function of the growth temperature.
The synthesized systems were also tested in H2 production
by photoreforming26 from water/ethanol solutions under
simulated solar irradiation, yielding photocatalytic perfor-
mances dependent on the F:-Fe2O3 synthetic parameters
and fluorine content.
2. EXPERIMENTAL DETAILS
2.1. Synthesis
The Fe(hfa)2 ·TMEDA precursor was synthesized accord-
ing to a recently reported procedure.2324 PE-CVD exper-
iments were performed by a two-electrode custom-built
PE-CVD apparatus27 powered by a Radio Frequency
(RF,  = 1356 MHz) generator. Prior to each growth
experiment, Si(100) substrates (15× 15 cm2, MEMC,
Merano, Italy) were cleaned by iterative dipping in sul-
fonic detergent, distilled water, acetone, and isopropylic
alcohol. Electronic grade argon and oxygen were used as
plasma sources and introduced into the reactor chamber
after pre-evacuation down to 10−6 mbar. The precursor,
placed in an external vessel heated at 65 C by an oil bath,
was transported toward the deposition zone by an Ar flow
(rate = 60 sccm). To prevent undesired condensation phe-
nomena, the gas line temperature was maintained at 140 C
by means of heating tapes. Additional Ar and O2 flows
(rates= 15 and 20 sccm, respectively) were directly intro-
duced into the reactor by two auxiliary gas-lines. For all
depositions the total pressure, deposition time, RF-power
and interelectrode distance were kept constant at 1.0 mbar,
60 min, 10 W and 6 cm, respectively. The deposition tem-
perature was varied between 300 and 500 C. The obtained
samples were characterized as-grown without any further
ex-situ treatment.
2.2. Characterization
Glancing Incidence X-ray Diffraction (GIXRD) patterns
were collected at a constant incidence angle of 1.0 by a
Bruker D8 Advance diffractometer equipped with a Göbel
mirror, using a CuK X-ray source powered at 40 kV and
40 mA.
Fourier Transform-Infrared (FT-IR) spectra were col-
lected with a Nexus 870 FT-IR apparatus in the
range 350–4000 cm−1, subtracting the Si(100) substrate
contribution.
Atomic Force Microscopy (AFM) analyses were per-
formed using a NT-MDT SPM Solver P47H-PRO instru-
ment operating in tapping mode in air. Root-Mean-Square
(RMS) roughness values were obtained from 2× 2 m2
images after a plane fitting procedure. Micrographs were
collected in different sample regions in order to check the
surface homogeneity.
Field Emission-Scanning Electron Microscopy (FE-
SEM) cross-sectional micrographs were collected at a pri-
mary beam voltage of 10 kV by means of a Zeiss SUPRA
40VP instrument.
A Perkin Elmer  5600ci spectrometer with an AlK
(h = 1486.6 eV) standard source was used for X-ray
Photoelectron Spectroscopy (XPS) analyses, at a working
pressure lower than 2× 10−9 mbar. The reported Bind-
ing Energies (BEs, uncertainty = ± 0.2 eV) were cor-
rected for charging by assigning to the C1s line of adven-
titious carbon a BE of 284.8 eV.28 The atomic percentages
(at.%) were calculated using standard PHI V5.4A sensi-
tivity factors. Peak fitting was performed by means of
a least-squares procedure, adopting Gaussian-Lorentzian
peak shapes. Ar+ sputtering was carried out at 3.0 kV, with
an argon partial pressure of 5× 10−8 mbar and a current
density of 0.4 mA× cm−2.
Photoreforming experiments for hydrogen production
were carried out on 1:1 H2O/CH3CH2OH mixtures (total
volume = 80 mL) in a stainless steel discontinuous batch
reactor maintained at 25 C. Electronic grade Ar (rate =
15 mL× min−1 was used to collect and transfer gaseous
products to the analysis system. Illumination was per-
formed using a Solar Simulator (LOT-Oriel) equipped with
a Xe lamp (power= 150 W) and a standard AM 1.5G fil-
ter to simulate solar irradiation. The total incident solar
irradiance, measured by radiometers in the UV and Visi-
ble ranges, was 205 mW×cm−2. Photocatalytic tests were
repeated three times on each sample to check data repro-
ducibility. The estimated uncertainty on each value was
estimated to be 5%. For comparison purposes, hydrogen
production rates were normalized with respect to the cat-
alyst amount. The latter was estimated by considering the
Fe2O3 bulk density (5.04 g× cm−3 as well as the aver-
age sample thickness (see Table I) and geometrical area
(15×15 cm2, see above).
On-line detection of evolved gases was carried out
by means of an Agilent 7890A Gas Chromatogra-
pher (GC) system, equipped with a 10 way-two loop
injection valve. A 5 Å molecular sieve column con-
nected to a Thermal Conductivity Detector (TCD) was
used for H2 quantification. Following previous litera-
ture studies, Solar-to-Fuel Efficiency (SFE) values were
calculated as:2930
SFE = H2 ×	H
0
298 K
S
×100 (1)
J. Nanosci. Nanotechnol. 13, 4962–4968, 2013 4963
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Table I. Deposit thickness (evaluated by FE-SEM analyses) and flu-
orine content for F:-Fe2O3 specimens as a function of the growth
temperature.
Surface at.% F
Growth Deposit
temperature [C] thickness [nm] FaTOT F(I)
b F(II)c
300 350 9.2 3.2 6.0
400 250 3.7 1.9 1.8
500 200 2.4 1.3 1.1
Notes: aTotal fluorine amount; bLattice fluorine; cFluorine in CFx groups.
where H2 is the H2 flow produced by each sam-
ple (expressed in mol× s−1 × cm−2), 	H 0298 K is the
combustion enthalpy of H2 at 298 K (285.8 kJ × mol−1)
and S is the total incident solar irradiance (expressed in
W× cm−2). The product H2×	H 0298 K represents the
energy stored in the produced hydrogen.30
3. RESULTS AND DISCUSSION
In this work, three different growth temperatures were
adopted for the preparation of iron oxide systems via
PE-CVD. Relevant material features are summarized in
Table I. As can be observed, a progressive decrease of
the overall deposit thickness occurred upon increasing the
temperature, a phenomenon ascribed to a less efficient pre-
cursor adsorption on the growth surface on going from
300 to 500 C. The system structure was investigated by
means of GIXRD (Fig. 1). As a whole, patterns were
characterized by the peaks at 2
 = 241, 33.1, 35.6
attributed to the (012), (104), (110) reflections of the
-Fe2O3 (hematite, hexagonal) phase,
31 while no signals
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Fig. 1. GIXRD patterns of specimens deposited at 300, 400 and 500 C.
The spectra have been vertically shifted for clarity. Vertical dotted lines
mark the reference peak positions for -Fe2O3.
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Fig. 2. FT-IR spectra of samples deposited at 300, 400 and 500 C.
of other iron(III) oxide polymorphs were detected. Interest-
ingly, the growth temperature directly affected the system
structure. In fact, a comparison of the recorded intensity
ratios with the ones of the reference powder material.31 evi-
denced a preferential 110 orientation at 300 C. On the
other hand, at higher growth temperatures, the (104) reflec-
tion was the most intense one, as expected for randomly
oriented polycrystalline hematite.31 As a general observa-
tion, fluorine doping (see below and Table I) did not induce
any appreciable shift in the -Fe2O3 reflections, due to the
very similar ionic radii of F and O.1732 The mean crystallite
size calculated by the Scherrer equation was 30 nm.
In line with GIXRD results, FT-IR measurements
(Fig. 2) further confirmed the presence of -Fe2O3. In fact,
for specimens grown at 400 and 500 C, two well-defined
absorption bands centred at 440 and 520 cm−1 were
observed and ascribed to the Eu and A2u hematite vibra-
tional modes, respectively.1133 In a different way, the sam-
ple deposited at 300 C showed a peak broadening and
slight signal blue-shifts with respect to the other ones.
These effects can be traced back to a decreased structural
order at lower deposition temperatures, which, in turn,
could be related to a higher overall F content (see below
and Table I).3334
The system morphology was analyzed by AFM (Fig. 3).
The specimen grown at 300 C presented an homogeneous
distribution of columnar aggregates, while the samples
deposited at higher temperatures showed smaller and more
interconnected particles. The deposit RMS surface rough-
ness ranged from 15.5 (300 C) to 5.5 nm (500 C). As a
matter of fact, the system roughness is affected by vari-
ous parameters, among which surface diffusion (enhanced
by high growth temperatures), and plasmochemical etch-
ing phenomena (more effective at low temperatures) are
likely the most important.
The system chemical composition was analyzed in detail
by XPS. Figure 4(a) displays a representative surface
4964 J. Nanosci. Nanotechnol. 13, 4962–4968, 2013
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Fig. 3. 2×2 m2 AFM micrographs of samples deposited at 300, 400
and 500 C.
wide-scan spectrum, characterized by the predominance of
Fe and O photopeaks, along with weaker signals due to C
and F species. Carbon concentration was typically 20 at.%.
For all the analyzed specimens, the Fe2p peak position
[Fig. 4(b); BE(Fe2p3/2 = 7113 eV; spin-orbit splitting =
138 eV] and shape (low shake-up satellites) were in good
agreement with literature data for -Fe2O3.
612141535 The
O1s surface photoelectron peak (Fig. 4(c)) was decom-
posed by means of two contributing bands at BE =
529.9 eV, attributed to lattice oxygen, and 531.4 eV, related
to hydroxyl/carbonate species arising from air exposure.35
As evidenced by Figure 4(d), the surface F1s signal was fit-
ted by means of two different components, located at 684.7
(I) and 689.5 (II) eV, respectively. Basing on literature data,
component (I) could be attributed to lattice fluorine in the
oxide network, due to the incorporation of F species sub-
stitutional to O sites, ruling out fluorine presence at iron
oxide grain boundaries in an appreciable amounts.162122
Conversely, the high BE component (II) could be ascribed
to CFx moieties from precursor residuals.
22136 This com-
ponent was reduced to noise level after 20 min of Ar+
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Fig. 4. XPS spectra for an iron oxide specimen grown at 300 C:
(a) survey; (b) Fe2p; (c) O1s; (d) F1s, before and after 20 min Ar+
erosion; (e) dependence of lattice F surface content on the growth
temperature.
erosion (Fig. 4(d)). The concomitant disappearance of the
carbon signal upon sputtering demonstrates a clean precur-
sor decomposition under the adopted PE-CVD conditions
and highlights the correlation between the presence of car-
bon species and the fluorine (II) component.
Table I reports the overall surface F content, along with
the corresponding atomic percentages calculated, by peak
fitting, for (I) and (II) contributions. As can be observed,
the growth temperature had a significant influence on the F
content. In fact, the maximum overall fluorine percentage
was obtained at the lowest growth temperature (300 C),
as already reported for F-doped silicon and cobalt oxides
synthetized by PE-CVD.3637 A detailed analysis of the F1s
signal revealed that a growth temperature increase resulted
not only in a diminished overall F amount, but also in
a different relative contribution of (I) and (II) compo-
nents (Table I and Fig. 4(e)). This phenomenon indicates
that, in spite of the advantages of Fe(hfa)2 ·TMEDA as
single-source precursor for F-doped Fe2O3, a main issue to
J. Nanosci. Nanotechnol. 13, 4962–4968, 2013 4965
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Fig. 5. XPS depth profile for sample obtained at 300 C.
be properly addressed remains the independent optimiza-
tion of lattice fluorine and CFx species content.
Information on the in-depth system composition was
obtained by Ar+ sputtering (Fig. 5). After the first erosion
cycles, the average O/Fe atomic ratio became almost con-
stant and displayed a value (≈ 0.8) lower than the stoichio-
metric one expected for Fe2O3, due to oxygen preferential
sputtering, as often reported for metal oxides.28 Concern-
ing fluorine, the initial at.% decrease was mainly attributed
to the removal of CFx contamination (see above), whereas
a constant fluorine content (average value ≈ 3 at.%) was
present in the inner system region. Such a result indicated a
homogeneous fluorine incorporation into the oxide lattice,
and supported the successful obtainment of F:-Fe2O3.
Photoreforming experiments on water/ethanol solutions
did not yield any appreciable H2 evolution when illumi-
nation and photocatalyst were not simultaneously present.
The mechanism for hydrogen evolution by photoreform-
ing of alcohols over metal oxide semiconductors involves
H+ release from the sacrificial agent and the formation of
different oxygenated radicals, which are powerful oxidiz-
ing agents. The oxidation of adsorbed alkoxide moieties
results in the formation of protons, that can decrease the
local pH and subsequently be reduced by electron transfer
from the semiconductor conduction band. The result is the
reduction of protons to H2 and the concomitant oxidation
of the organic compound through various intermediates,
including aldehydes and carboxylates, eventually accom-
panied by dehydration and water gas shift reactions (see
Scheme 1).826
The H2 photo-production results under simulated solar
irradiation are displayed in Figure 6 for the different
specimens. Irrespective of the used growth temperature,
all samples presented an initial induction period (≈ 3 h)
characterized by a progressive increase of the hydrogen
evolution rate. This phenomenon suggested the occurrence
of a light-induced surface activation, and the subsequent
Scheme 1. Possible reaction mechanism involved in the photocatalytic
H2 production over F:-Fe2O3 from aqueous ethanol solutions (n.d.= not
detected).
establishment of an equilibrium between the by-products
adsorbed on the catalyst surface and in the liquid/gas
phase.2 The use of simulated solar light enabled to per-
form photocatalytic experiments up to 20 h of irradi-
ation with a nearly constant hydrogen evolution. This
issue, highlighting the sample operational stability, dis-
closes attractive perspectives in view of eventual techno-
logical applications.
Remarkably, the maximum hydrogen yield, obtained
for F:-Fe2O3 deposited at 500
C (corresponding to
5000 mol× h−1 × g−1, SFE = 002%) was among the
best ever reported for metal oxide systems under similar
experimental conditions, also taking into account that no
cocatalysts (e.g., Rh, Pd, Pt) were used in this work.28
The above results indicate that the present preparative
strategy is an amenable route for the production of F:-
Fe2O3 photocatalysts joining a remarkable reactivity and
an appreciable operational stability. According to previ-
ous investigation, the observed variations in the system
performances as a function of the growth temperature
are not likely related to different band gap values, since
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Fig. 6. Hydrogen evolution yields from 1:1 water/ethanol solutions
under simulated solar illumination for F:-Fe2O3 specimens deposited at
300, 400 and 500 C.
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F doping has not been reported to appreciably affect
this parameter.22138 Additionally, significant contributions
from the system surface roughness (a higher roughness
likely corresponding to a higher active area) can be ruled
out, since, as reported above (see also Fig. 3), the obtained
RMS roughness values showed an opposite trend with
respect to that of Figure 6. An inspection of Table I reveals
that the system functional performances could be directly
related to the fluorine percentage, and, in particular, to the
beneficial role exerted by lattice fluorine (component (I) in
Fig. 4(d)). In fact, hydrogen production rate underwent a
progressive enhancement upon increasing the growth tem-
perature from 300 to 500 C. As can be observed, the sam-
ple synthesized at 300 C was characterized by a more than
doubled lattice fluorine content with respect to the 500 C
one but, at the same time, by a nearly six-fold higher
concentration of CFx species. It is reasonable to suppose
that the latter moieties, being present mainly at the system
surface (see the above discussed XPS data), can exert a
poisoning effect on the catalyst, with a consequent activity
degradation and a detrimental decrease of photoproduced
hydrogen yield. This phenomenon could be responsible for
the observed performance improvement at higher growth
temperatures. Nevertheless, it is also worth noticing that
a too high lattice fluorine concentration might negatively
influence the system reactivity promoting recombination
losses of photogenerated e−/h+.17 Hence, the actual hydro-
gen production rates result from a delicate balance of var-
ious effects, and the identification of the optimal doping
level directly requires the independent control of lattice vs.
contaminating fluorine content, a challenging issue deserv-
ing further investigation.
4. CONCLUSIONS
In conclusion, this work has presented the first example of
F-doped Fe2O3 nanosystems synthesized by PE-CVD. The
target materials have been deposited on Si(100) substrates
from Ar-O2 plasmas using a Fe(II) diketonate-diamine
molecular compound as single-source precursor for both
iron and fluorine. Irrespective of the adopted growth tem-
perature (300–500 C), F:-Fe2O3 systems free from other
iron oxide polymorphs were obtained. The surface co-
presence of lattice fluorine and contaminating CFx species,
whose overall amount underwent a systematic decrease
at higher growth temperatures, was observed. Interest-
ingly, in-depth compositional analyses revealed that, while
the latter was limited to the sample surface, the for-
mer was homogeneously distributed into the iron oxide
matrix. The F:-Fe2O3 materials were tested as catalysts in
the photoreforming of water/ethanol solutions under sim-
ulated sunlight irradiation, resulting in hydrogen yields
among the best ever reported in the literature for supported
oxide-based systems. The remarkable H2 evolution, along
with the appreciable time stability, highlight the proposed
strategy as an effective mean to fabricate highly efficient
photocatalysts and evidences the potential of fluorine dop-
ing to obtain improved system performances. As a per-
spective for the development of this work, future efforts
will be devoted to achieve an independent control of lat-
tice versus contaminating fluorine by a proper choice of
the processing conditions.
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3.4 Columnar F-doped β-Fe2O3 arrays as electrodes
in photoelectrochemical cells
In recent years, α-Fe2O3-based photoanodes have been extensively investigated for
the photoelectrochemical splitting of water into O2 and H2 under sunlight irradiation (see
Appendix C.3.3). Despite some encouraging results, photoanodes based on α-Fe2O3 still
present a low photo-conversion efficiency due to the issues mentioned in Chapter 2.
As discussed in the previous sections, the use of Fe(hfa)2TMEDA in PECVD has en-
abled a homogeneous F doping of the target systems, with an in-depth distribution and
content tuneable by varying the sole growth temperature. In addition, fluorine intro-
duction in α-Fe2O3 has also been demonstrated to be an effective mean to improve the
system photocatalytic performances in hydrogen production. In this section, the concepts
of nanostructure and anion doping control, have been merged with the development of the
scarcely investigated β-Fe2O3, and its utilization as photoanodes in photoelectrochemical
(PEC) cells.
In particular, PECVD syntheses were carried out from Ar/O2 plasmas, as reported
in Figure 3.1, at deposition temperatures between 200 and 400℃, using ITO slides as
conductive substrates, in view of photoelectrochemical tests (see Appendix C.3.3).
Interestingly, XRD2 measurements demonstrated the selective formation of β-Fe2O3
deposits, irrespective of the growth temperature, at variance from Si(100)-supported sys-
tems that were constituted by the sole α-Fe2O3 (see section 3.2). The occurrence of the
β phase in the present case might be ascribed to the cubic structure, with very similar
lattice parameters, of both ITO [JCPDS card no. 039-1058] and β-Fe2O3. Hence, the
present PECVD approach can enable to select the desired Fe2O3 polymorph by a proper
choice of the growth substrate.
A joint XRD2 and FE-SEM investigation evidenced the formation of highly porous
columnar arrays of β-Fe2O3 nanostructures possessing a preferred [100] orientation. Re-
gardless of the substrate temperature, the average nanocolumn diameter ranged between
50 and 60 nm, whereas higher temperatures favored nanocolumn growth from 290 nm
(200℃) up to 460 nm (300 and 400℃), and hence a progressive increase of the mean
aspect ratio (length/diameter), without any significant densification. Beside offering the
possibility of absorbing a significant light fraction, such a morphological organization is of
great importance to enable short charge carrier transport distances to the system surface,
minimizing thus recombination losses.18,121,134
Similarly to the case described in section 3.2, a detailed compositional analysis by
XPS and SIMS revealed the possibility of achieving a controlled F doping of β-Fe2O3
nanostructures as a function of the growth temperature.
In view of PEC applications, the optical properties of F-doped β-Fe2O3 were also
investigated, highlighting the occurrence of a prominent absorption in the visible region
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below 700 nm related to band-to-band transitions. A careful data inspection revealed
also a progressive blue-shift (i.e. larger EG) of the absorption edge upon increasing the
fluorine amount. The synthetized photoanodes were ultimately tested in PEC experiments
by measuring the current/voltage characteristics under dark and upon illumination (see
Appendix C.3.3). The sample with low F loading presented a photocurrent in the anodic
side, indicating a n-type behavior. In a different way, the specimen with the highest
F content yielded a photocurrent in the cathodic side, suggesting thus the occurrence
of a p-type conductivity. Overall, the obtained experimental data highlighted that a
progressive increase in the fluorine loading produced a concomitant switching of the system
conductivity regime from n- to p-type.
In order to corroborate this variation, Mott-Schottky analyses were performed (see
Appendix C.3.3). These data showed a shift towards more cathodic side of the flatband
potential values upon increasing the F content, further supporting the above discussed n-
to p-type transition.
Considering that this phenomenon has never been reported for Fe2O3 up to date, a
tentative explanation has been proposed basing on the obtained data and on a previous
literature report.135 The oxygen surface vacancies, arising from the high surface-to-volume
ratio and defectivity of the present nanomaterials, result in the formation of fully occu-
pied sub-band gap states around the valence band edge, as also evidenced by optical
absorption. The fluorine incorporation into the material and the subsequent formation
of Fe-F bonds make these states partially empty, so that they accept electrons from the
valence band, generating holes in the latter. This description accounts not only for the
p-type conductivity, but also for the observed optical EG increase proportionally to the F
loading.
In summary, a PECVD approach for the fabrication of the scarcely investigated β-
Fe2O3 phase photoanodes at 200-400℃ on ITO slides has been successfully developed.
A proper optimization of the processing conditions enabled to obtain columnar β-Fe2O3
arrays, characterized by a highly porous structure and a tailored F doping. The interplay
between fluorine content and the system properties and photoelectrochemical behavior has
been elucidated by a detailed characterization. Interestingly, photoelectrochemical and
Mott-Schottky studies, carried out for the first time on F-doped β-Fe2O3, revealed that
the increase of F content resulted in a transition from an n-type to a p-type conduction
regime, as indicated by the carrier density and flat band potential values.
Further details on the obtained results are available in the following article67 (reprinted
with the permission of Elsevier).
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a b s t r a c t
A single-step plasma enhanced-chemical vapor deposition (PE-CVD) route for the synthesis
of F-doped iron(III) oxide nanomaterials is presented. Growth experiments, performed
from a fluorinated Fe(II) b-diketonate precursor on Indium Tin Oxide (ITO) between 200 and
400 C, yielded columnar b-Fe2O3 arrays with a preferential (100) growth direction. The
fluorine content in the deposits could be adjusted by the sole variation of the deposition
temperature controlling, in turn, the optical absorption and energy bandgap. Photocurrent
measurements and MotteSchottky analyses, carried out in Na2SO4 solution under one sun
illumination, evidenced a conductivity switch from n- to p-type upon increasing fluorine
amount in the obtained nanomaterials. The sample photocurrent density, donor content
and flatband potential support the hypothesis that a progressive substitution of oxygen by
fluorine in the iron(III) oxide lattice can alter electronic structure and extend charge carrier
lifetimes, making anion-doped b-Fe2O3 an efficient water oxidation catalyst.
Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
1. Introduction
Abundance combined with low-cost fabrication, easy acces-
sibility to different polymorphs, variety of electronic/mag-
netic properties and biocompatibility make Fe2O3 an ideal
functional material for a plethora of technological applica-
tions [1e6]. Among the various Fe2O3 polymorphs, the most
stable and largely occurring one, a-Fe2O3 (hematite, n-type)
[3,4,7e11] has been extensively investigated for photo-
electrochemical (PEC) splitting of water into O2 and H2,
enabling to harness radiant energy directly as hydrogen fuel
starting from sunlight and H2O [10,12e23]. Notwithstanding
the promise of such processes for a sustainable hydrogen
energy production [4,10,11,14,16,17], photoanodes based on a-
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Fe2O3 present a photoconversion efficiency much lower than
the maximum theoretical value (z13%) [4,9,16,19,24,25],
mainly due to the low absorption coefficient and slow reaction
kinetics, resulting in a high carrier recombination rate and a
short hole diffusion length [1,2,13,15,21,23]. To circumvent
these drawbacks, both the tuning of the system nano-
organization and the controlled tailoring of chemical compo-
sition have been proposed [6,19,24e27]. In particular, oriented
columnar nanostructures offer the possibility of absorbing a
significant light fraction while providing short carrier trans-
port distances to the electrolyte, thus minimizing recombi-
nation losses [4,13e15]. In addition, the incorporation of co-
catalysts/activators (e.g. Au [23], WO3 [9], Co oxides [3] and
phosphates [27],.) and the use of various dopants (such as
Mg2þ, Cu2þ, Zn2þ, Ti4þ, Sn4þ,.) [5,7,8,12,17,25,26,28] as sub-
stitutes for Fe3þ centers has been proposed to improve Fe2O3
photoelectrochemical properties. As a matter of fact, all of
these works concern the introduction of cationic dopants into
hematite, whereas the use of anionic ones, such as F, has not
been attempted so far. Nevertheless, this strategy may offer
various advantages, spanning from a tailoring of absorption
properties and/or tuning of band position, up to the modifi-
cation of transport properties and the passivation of surface
defects that, inhibiting e/hþ recombination, results in an
improved charge carriers lifetime [29,30]. Furthermore, the
substitution of oxygen by fluorine is expected to increase the
Lewis acidity of iron centers, thus resulting in an enhanced
catalytic activity.
Over the last decade, the preparation of Fe2O3-based pho-
toanodes has been carried out by several processes [4,25], such
as sputtering-based techniques [17], evaporation [28], iron
thermal oxidation [4,15], reactive ballistic deposition [13,19],
hydrothermal methods [2,18], spray pyrolysis [12,20,23,24],
electrochemical routes [4,11], solegel [21], atomic layer depo-
sition [5,10], and chemical vapor deposition (CVD) [3,22]. In
this regard, plasma enhanced-CVD (PE-CVD) is a valuable
methodology for the growth of Fe2O3 nanostructures at high
rates even on thermally sensitive substrates, taking advan-
tage of both homogeneous and heterogeneous process acti-
vation leading to unique material features [16,31]. To the best
of our knowledge, only one investigation on the PE-CVD of
hematite films for PEC applications has been performed up to
date [16]. In addition, no Fe2O3 polymorphs different from the
a one have ever been investigated as photoanodes for PEC H2O
splitting. As a consequence, such studies are highly deman-
ded fromboth a fundamental and an applicative point of view.
In this manuscript, our attention is devoted to the fabri-
cation of fluorine-doped columnar Fe2O3 arrays on conductive
indium tin oxide (ITO)-coated substrates at 200e400 C by a
PE-CVD route starting from a fluorinated iron(II) precursor. A
pictorial sketch of the growth process is provided in Fig. 1. A
main novelty character of this work is the synthesis of
nanostructured b-Fe2O3, a cubic iron oxide polymorph which
has been only scarcely investigated so far [32,33], and its
doping with F contents controllable as a function of the
growth temperature. Particular attention is dedicated to the
interplay between fluorine content and the system micro-
structure, morphology, composition, optical and photo-
electrochemical properties. For the first time, the obtained b-
Fe2O3 systems are tested as working electrodes in PEC cells
towards water splitting, revealing a progressive conductivity
switch from n-type, as observed for b-Fe2O3 [33], to p-type,
upon increasing F-doping level. Such a behavior is of partic-
ular interest, taking into account that studies on p-type iron
oxide are rare and that, up to date, the switch in the conduc-
tivity regime has been achieved only by cationic doping [5,12].
2. Experimental
2.1. Synthesis
Columnar Fe2O3 arrays were fabricated bymeans of a custom-
built PE-CVD apparatus equipped with a Radio Frequency (RF,
n ¼ 13.56 MHz) generator [34]. The diameter of each electrode
was 9 cm and the inter-electrode distance was fixed at 6 cm.
Growth experiments were performed from Ar/O2 plasmas for
a total duration of 1 h at 10WRF-power, operating at 1.0mbar.
The iron precursor Fe(hfa)2TMEDA (hfa ¼ 1,1,1,5,5,5-hexa-
fluoro-2,4-pentanedionate; TMEDA ¼ N,N,N0,N0-tetramethyle-
thylenediamine), synthesized according to a previously
reported procedure [32], was placed in an external vessel
heated by an oil bathmaintained at 65 C and transported into
the reaction chamber by means of electronic grade Ar
(purity ¼ 5.0; flow rate ¼ 60 sccm). The temperature of pre-
cursor feeding lines was maintained at 140 C through
external heating tapes to prevent detrimental condensation
phenomena. Two further auxiliary gas-lines were used to
introduce Ar (flow rate ¼ 15 sccm) and electronic grade O2
(flow rate ¼ 20 sccm) directly into the reactor chamber. Fe2O3
growth was performed at temperatures ranging between 200
and 400 C on ITO-coated borosilicate glass substrates (Pra¨zi-
sions Glas & Optik GmbH, CEC010B, 10 U/sq; ITO
thicknessz 200 nm, size¼ 20mm 10mm 1.1mm). Prior to
deposition, the substrates were suitably cleaned by iterative
dipping in sulphonic detergent, distilled water, acetone, and
isopropylic alcohol, and finally dried under an Ar flow.
2.2. Characterization
2D X-ray microdiffraction (XRD2) measurements were run in
reflection mode on a Dymax-RAPID X-ray micro-
diffractometer, with a cylindrical imaging plate detector, that
allows collecting from 0 to 160 (2q) horizontally and from 45
to þ45 (2q) vertically upon using CuKa radiation. A collimator
diameter of 300 mm was used. The exposure time was 30 min
for each XRD2 pattern. Conventional XRD patterns were then
obtained by integration of 2D images. Two-dimensional XRD
measurements were made to verify possible preferred orien-
tation effects.
Field Emission-Scanning Electron Microscopy (FE-SEM)
micrographs were performed by a Zeiss SUPRA 40 VP instru-
ment, operating at an acceleration voltage between 5.0 and
10.0 kV.
Atomic Force Microscopy (AFM) analyses were carried out
using a NT-MDT SPM Solver P47H-PRO instrument operating
in tapping mode in air. Root-Mean-Square (RMS) roughness
values were obtained from 2  2 mm2 images after a plane
fitting procedure.
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Surface X-ray Photoelectron Spectroscopy (XPS) measure-
ments were performed on a PerkineElmer F 5600ci spec-
trometer using a standard AlKa radiation (1486.6 eV), at a
working pressure lower than 109 mbar. The reported Binding
Energies (BEs, standard deviation ¼ 0.2 eV) were corrected
for charging by assigning to the adventitious C1s signal a BE of
284.8 eV [35]. The analysis involved Shirley-type background
subtraction, and, whenever necessary, spectral deconvolution
by non-linear least-squares curve fitting, adopting Gaus-
sianeLorentzian sum functions. The atomic percentages
(at.%) were calculated by peak integration using standard PHI
V5.4A sensitivity factors. Arþ sputtering was carried out at
3.0 kV, with an argon partial pressure ofz5  108 mbar.
In-depth Secondary Ion Mass Spectrometry (SIMS) ana-
lyseswere carried out bymeans of a IMS 4fmass spectrometer
(Cameca) using a 14.5 keV Csþ primary beam (current ¼ 30 nA,
stability ¼ 0.4%) and by negative secondary ion detection,
adopting an electron gun for charge compensation. Beam
blanking mode and high mass resolution configuration were
adopted. Signals were recorded rastering over a 150  150 mm2
area and detecting secondary ions from a sub region close to
8  8 mm2 to avoid crater effects. In order to take into account
the influence of matrix composition on the erosion rate, the
latter was estimated at different depths through measure-
ments of the corresponding crater heights by means of a
Tencor Alpha Step profiler.
UVeVis optical absorption spectra were recorded in
transmissionmode at normal incidence bymeans of a Cary 5E
dual-beam spectrometer, subtracting the substrate contribu-
tion. Optical penetration depth values (a1, where a is the
absorption coefficient) were estimated by assuming the val-
idity of the LamberteBeer law [7,13,28]:
a1 ¼ D ½lnðTÞ1 (1)
where D is the overall column length determined by cross-
sectional FE-SEM images (see also below) and T is the
measured transmittance. Therefore, a1 corresponds to the
distance over which 63% of photons of the wavelength of in-
terest are absorbed.
PEC experiments were performed using 0.1 M Na2SO4 as
electrolyte. For electrode preparation, F-doped Fe2O3 samples
were contacted with a copper wire by using silver paste to
obtain ohmic electrical contacts in view of PECmeasurements
(Table 1). To this aim, few drops of silver pastewere applied on
the uncoated substrate surface and copper loop was gently
pressed on it. The sampleswith copper loopwere then dried at
ca. 70 C for 1 h to ensure complete drying. The prepared
contactswere tested for their ohmic behavior by observing the
currentevoltage characteristics across the copper wire and
the substrate surface. Subsequently, the exposed ohmic con-
tact and edges of the specimen were perfectly sealed with
non-conducting epoxy-resin. The sealing procedure resulted
in an electrode with an exposed area of about 1.0 cm2 for all
the specimens. The photoelectrochemical measurements
were carried out in a PEC cell comprising the working elec-
trode (F-doped Fe2O3), a platinum counter-electrode and a
saturated calomel electrode (SCE; PAR, Model: K0077, USA).
Currentevoltage (IeV) characteristics of photoelectrodes were
recorded both under darkness and under illumination at
Fig. 1 e Sketch of the PE-CVD growth process of b-Fe2O3 columnar arrays from the Fe(hfa)2TMEDA precursor.
Table 1 e Properties of F-doped b-Fe2O3 nanomaterials as
a function of the adopted growth temperature.
Mean aspect ratio 5.8 7.7 9.2
%F at.%a 11.2 8.3 4.3
% (FeFe) at.%b 6.6 2.6 1.2
EG (eV) 1.95 1.88 1.86
Photocurrent density
(mA  cm2 @ 0.75 V vs. SCE)
300 30 147
Carrier density N (cm3) 2.49  1018 7.27  1018 1.07  1019
Flatband potential VFB (V vs. SCE) þ0.24 þ0.14 þ0.06
a Overall F atomic percentage, estimated by XPS analyses.
b Atomic percentage of lattice fluorine, as estimated by XPS
analyses.
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100mW cm2 from a 150WXe arc lamp coupledwith an AM
1.5G filter (Newport, Model: 67005), varying the applied po-
tential from þ1.0 V/SCE (anodic bias) to 1.0 V/SCE (cathodic
bias) with a scan rate of 10mV s1. The photocurrent density
was calculated from the linear-sweep voltammograms by
subtracting the dark current from the current obtained in light
and dividing by the electrode area.
To obtain the MotteSchottky curves, the capacitance (C) at
semiconductor/electrolyte junctionwasmeasured at 1 kHzAC
signal frequency using a LCR meter (Agilent Technology,
Model: E4980A) at various applied potentials (Vapp). In thisway,
MotteSchottky curves (1/C2 vs. Vapp) were generated. These
data were used to calculate the carrier density (N) for the
samples and the flatband potential (VFB) at semiconductor/
electrolyte junction, according to the following equation [16]:
1
C2
¼

2
qεoεN

Vapp  VFB  kTq

(2)
where εo is the free space permittivity, ε is the semiconductor
dielectric constant, q is the carrier charge, N is the carrier den-
sity, T is the operational temperature, k is Boltzmann constant.
3. Results and discussion
3.1. Material characterization
In this work, PE-CVD of Fe2O3-based systems was performed
at different substrate temperatures (Table 1), leading to
orange-brown and semi-transparent well adherent deposits,
as demonstrated by the scotch tape peeling test. The phase
composition was investigated by XRD measurements (Fig. 2),
that confirmed the formation of the body-centered cubic b-
Fe2O3 (JCPDS card no. 039-0238). Furthermore, due to relatively
high X-ray penetration depth, also the ITO substrate re-
flections were detected. A comparison of b-Fe2O3 signal in-
tensities with those of the reference pattern indicated a
preferential (100) orientation along this direction [32,33]. It is
worthwhile noticing that PE-CVD experiments performed on
Si(100) under similar conditions yielded the most stable a-
Fe2O3 polymorph, indicating thus a significant substrate in-
fluence on the system phase composition [34]. The obtain-
ment of the b phase in the present case might be attributed to
the fact that both ITO (JCPDS card no. 039-1058) and this
polymorph possess a cubic structure, with very similar lattice
parameters.
The specimens displayed a high density of columnar ar-
rays homogeneously distributed on the substrate surface
(Fig. 3). The columns exhibited a peculiar wheat-ear habit,
suggesting that each of them resulted from the agglomera-
tion of various nanoparticles. A similar morphology was re-
ported for a-Fe2O3 systems synthesized on fluorine-tin-oxide
substrates by sputtering [17], liquid-phase [1] and hydro-
thermal approaches [2]. Yet, in the present case no evidence
of pores or cracks was revealed and the b-Fe2O3 nano-
columns possessed a superior alignment with respect to the
growth surface. Regardless of the substrate temperature, the
average nanocolumn diameter ranged between 50 and
60 nm. Conversely, the height underwent an increase from
Fig. 2 e XRD2 images and integrated XRD patterns of specimens fabricated at different growth temperatures. Markers * and B
indicate reflections attributed to b-Fe2O3 and the ITO substrate, respectively.
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290 nm, at 200 C, up to 460 nm, at 300 and 400 C, indicating
that higher temperatures favored the nanocolumns growth
under the present conditions. Correspondingly, a progressive
enhancement of the mean aspect ratio (length/diameter;
compare Table 1), without any significant densification, took
place. From the cross-sectional views, it becomes evident
that the gaps between the columns are deep into the system
structure, exposing also the b-Fe2O3 internal surface to the
electrolyte [3].
Overall, basing on FE-SEM characterization, these nano-
structures were deemed to have potential advantages for
applications as photoanodes in PEC, due to their reduced
lateral sizes [15] and high material/electrolyte interfacial
area [13], beneficial for light-induced charge transfer at the
system surface [1,22]. Interestingly, FE-SEM analyses also
evidenced that the morphology of as-prepared samples
was preserved after PEC experiments. Such a finding, indi-
cating an appreciable b-Fe2O3 stability under operation, is
a further important requirement for its technological
exploitation.
The system surface and in-depth chemical composition
was investigated by the combined use of XPS and SIMS ana-
lyses, focusing in particular on the chemical states and dis-
tribution of the elements. On a qualitative basis, the obtained
results were similar irrespective of the adopted deposition
temperature. Fig. 4 reports a representative wide-scan spec-
trum that displayed the presence of C, O, Fe and F signals. C
signal dropped to noise level after a mild Arþ erosion, indi-
cating that carbon contamination was limited to the sample
surface. The O1s surface photoelectron peak was decomposed
by means of two components located at BE ¼ 530.1 and
532.0 eV, respectively. Whereas the former could be assigned
to lattice oxygen in the Fe2O3 network [11,25,34], the latter
resulted from the contribution of chemisorbed hydroxyl/car-
bonate species [18,33,35], and was indeed removed upon Arþ
sputtering. Concerning iron (Fig. 4, inset), the Fe2p peak shape
and position [BE(Fe2p3/2) ¼ 711.3 eV] and the Fe2p3/2  Fe2p1/2
energy separation (D ¼ 13.5 eV) clearly supported the forma-
tion of pure iron(III) oxide [17,19,22,25,28,33,35], without any
evidence of Fe(II) species. The surface F1s peak was
Fig. 3 e Representative plane-view and cross-sectional FE-SEM micrographs for F-doped b-Fe2O3 nanomaterials as a
function of the adopted growth temperature.
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characterized by two well-evident components located at BE
values of 684.6 and 688.3 eV. The former contribution was
consistent with the formation of FeFe chemical bonds in the
obtained systems [29,34]. This result indicated the successful
incorporation of fluorine species in the b-Fe2O3 matrix, which
could be traced back to the in-situ generation of fluorine rad-
icals during the PE-CVD process. The high BE F1s signal could
be traced back to CFxmoieties arising fromprecursor residuals
[29,35]. At variance with lattice fluorine, this component
rapidly disappeared upon Arþ erosion, indicating that FeeF
moieties were the predominant species contributing to F
presence in the samples. As shown in Table 1, the fluorine
atomic percentage underwent a progressive decrease upon
increasing the deposition temperature, in line with previous
data on a-Fe2O3 nanomaterials synthesized under similar
conditions [34].
To attain a deeper insight into the system composition,
with particular attention to the fluorine spatial distribution in
the obtained materials, in-depth SIMS profiling was carried
out and the results are reported in Fig. 5(a)e(c). As a general
observation, all the samples presented a homogeneous dis-
tribution of Fe, O and F with a sharp andwell defined interface
with the ITO substrate, confirming that these species have the
same chemical origin, with F distributed throughout the iron
oxide matrix. In addition the calculated deposit thickness
(280 15, 460 15 and 470 15 nm for samples synthesized at
200, 300 and 400 C, respectively) were in good agreement with
the ones measured from FE-SEM cross sectional analyses
(Fig. 3). In order to estimate the different fluorine loadings,
relative analysis can be performed by comparing the F atomic
signal in different samples, considering the specimen grown
at 200 C as a reference. The relative content is obtained by
normalizing the F signal integral of each sample with respect
to the same quantity estimated in the reference (ratio of the F
dose with respect to the reference) (Fig. 5(d)). The obtained in-
depth F content was dependent on the growth temperature,
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following a trend similar to the surface F lattice at.% values
(see above and Table 1). Such results unambiguously confirm
the possibility of tailoring fluorine doping throughout the
whole b-Fe2O3matrix as a function of the growth temperature.
In order to investigate the light harvesting capacity of the
present Fe2O3 nanomaterials, UVeVis absorption spectrawere
recorded, and the results are displayed in Fig. 6(a). As a general
trend, the spectral shape was in good agreement with previ-
ously reported data for the b-Fe2O3 polymorph [32], exhibiting
a prominent absorption in the visible region below 700 nm
related to interband transitions. The presence of an absorp-
tion tail extending up to 800 nm might be related to the exis-
tence of sub-bandgap states (see also below and Fig. 8) [6,22].
A careful inspection revealed the occurrence of a progres-
sive blue-shift of the absorption edge upon decreasing the
growth temperature from 400 to 200 C, i.e. at higher fluorine
content. To further investigate this phenomenon, the bandgap
energies (EG) were evaluated by absorbance data reporting
(ahn)n as a function of the incident photon energy [18,20,24],
where a is the absorption coefficient near the absorption edge
[17,26] and n is a constant related to the nature of optical
transitions, being n ¼ 1/2 (indirect and allowed) for b-Fe2O3
[1,16,20,22,32]. The optical bandgap values for the present sys-
tems, calculated from the intercept of the (ahn)1/2 vs. hn curves
(Tauc plots, Fig. 6(b)), are reported in Table 1. As can be
observed, the obtained EG values were inversely proportional to
the growth temperature, i.e. underwent a slight increase with
the fluorine content incorporated in the present materials. In
addition, a blue-shift of the present bandgaps with respect to
that of pure b-Fe2O3 materials was detected [32]. These phe-
nomena, already observed for F-doped ZnO [36] and CdO [37],
are attributed in the literature to the so-called MosseBurnstein
effect, involving an increase in electron concentration due to
fluorine doping and a concomitant partial filling of the con-
duction band, causing thus an UV shift of the system bandgap
[38]. Nevertheless, this phenomenon cannot be considered
responsible for the present data, since the measured carrier
density values (compare Table 1) progressively lowered upon
increasing fluorine content (from 400 to 200 C), leading ulti-
mately to a p-type conduction regime at 200 C.
Some groups have also attributed Fe2O3 optical absorption
to direct, rather than indirect, transitions [39]. To this aim,
Fig. 6 e (a) Optical absorption spectra, and Tauc plots obtained with n[ 1/2 (b) and n[ 2 (c) for samples deposited at 200, 300
and 400 C. (d) Negative natural logarithm of transmittance vs. fluorine at.% pertaining to FeeF bonds, as determined by XPS
analyses (see Table 1), at l [ 450, 500 and 550 nm. (e) Representative AFM micrograph for the specimen grown at 300 C.
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Fig. 6(c) reports the Tauc plots obtained with n ¼ 2. As can be
observed, experimental data allowed for a linear fit even in
this case, yielding bandgap values ca. 0.2e0.3 eV higher than
the ones extrapolated from Fig. 6(b). Basing on the above re-
sults, further investigation is needed to account for the evi-
dence of direct transitions.
The negative transmittance logarithm is plotted in Fig. 6(d)
at three selected wavelengths vs. lattice F at.%, determined by
XPS analyses (compare Table 1). As observed, ln(T) was
inversely proportional to the F atomic percentage, suggesting
lower penetration depths (a1) for lower fluorine contents (eq.
(1)). For example, at l ¼ 470 nm, a1 values were comprised
between 60 and 170 nm for the samples grown at 400 and
200 C, respectively. These values agreed reasonably well with
previous literature data for a-Fe2O3 [7].
The surface topography did not change much irrespective
of the growth temperature and F content, as shown by AFM
micrographs (see Fig. 6(e)). In all cases, the presence of ho-
mogeneously protruding and aligned columnar arrays was
evident, with an average RMS roughness value of 10.0 nm,
suggesting a considerable porosity. Taking also into account
the above estimated light penetration depth, it is reasonable
to suppose that an appreciable region of iron oxide nano-
features can actively interact with the electrolyte, mini-
mizing the charge carrier transport distance and reducing, in
turn, their recombination probability.
3.2. Photoelectrochemical tests and discussion
Photoelectrochemical performances of F-doped Fe2O3 systems
were investigated by measuring the current/voltage charac-
teristics under dark and illuminated conditions. Photocurrent
density recorded as a function of applied voltage (Fig. 7(a);
compare also Table 1) led to intriguing observations. In fact,
the specimen grown at 400 C yielded a photocurrent in the
anodic side, indicating an n-type behavior, whereas the sam-
ple prepared at 200 C gave a photocurrent in the cathodic
side, suggesting thus the occurrence of p-type conductivity.
The specimen deposited at an intermediate temperature, i.e.
300 C, exhibited very low photocurrent in anodic side,
possibly due to poor n-type conductivity. The obtained data,
along with a careful inspection of Table 1, indicated that a
progressive increase in the F content of the present Fe2O3
nanomaterials produced a concomitant switching of the sys-
tem conductivity regime from n- to p-type. To our knowledge,
p-type conductivity in Fe2O3 has been achieved by dopingwith
cations (for instance by Mg2þ [5] and Cu2þ [12]) increasing hole
concentration, but never reported for fluorine-doped iron
oxide nanosystems. This phenomenon might result appar-
ently surprising, since, in principle, fluorine introduction is
expected to produce a higher electron content. However, an
increase in F amount does not necessarily lead to a higher
electron concentration [36]. In fact, the substitution of fluorine
for oxygen was likely predominant at low doping levels [40],
i.e. for a growth temperature of 400 C in the present case. In a
different way, beyond a certain fluorine concentration, the F
solubility limit in Fe2O3 systems was exceeded. Under these
conditions, the excess fluorine atoms can nomore occupy the
proper lattice positions. As a consequence, they increase the
system structural disorder and defectivity, trapping thus free
electrons and decreasing their concentration [41,42].
In order to corroborate the conduction regime variation,
MotteSchottky analyses provided useful clues. An analysis of
the pertaining plots (Fig. 7(b)) basing on eq. (2) enabled a
calculation of the carrier density values (Table 1), that un-
derwent a net increase from 200 to 400 C upon decreasing
fluorine content, i.e. upon switching from p- to n-type systems.
The carrier density calculated for 400 C-grown specimen was
comparable with the recently reported values for PE-CVD
grown hematite showing n-type conductivity [16].
The flatband potential (VFB) values of the present systems,
as determined from the extrapolation of MotteSchottky plots,
are also reported in Table 1. The value obtained at 200 C was
in good agreement with the occurrence of p-type Fe2O3. In
addition, its progressive shift towards the more cathodic side
upon increasing the growth temperature unambiguously
supported the above observations.
Recently, Lee et al. have shown that fluorine introduction
on n-type ZnO nanowires can result in a p-type conduction
[43]. For bulk systems, this phenomenon would be limited to
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the outermost surface layers, whereas the spatial extension of
this region can significantly increase for nanowires with
diameter up to z100 nm, producing fully p-type materials. A
similar model might be tentatively extended to the present
case, since the average column diameters ranged from 50 to
60 nm, as shown by FE-SEM studies (see above). On this basis,
Fig. 8 proposes a pictorial model to rationalize the p-type
behavior observed for F-doped Fe2O3 grown at 200 C. The
oxygen surface vacancies, resulting from the high surface-to-
volume ratio and defectivity of the present nanomaterials,
yield fully occupied sub-bandgap states around the valence
band edge for pure Fe2O3 systems (Fig. 8(a)). The presence of
these states is corroborated by optical absorption data (see
above). Upon fluorine incorporation into the material and the
subsequent formation of FeeF bonds (as testified by XPS data,
see above), these states become partially empty (Fig. 8(b)). As a
consequence, they can accept electrons from the Fe2O3
valence band (Fig. 8(c)), generating holes in the latter. In the
present case, this phenomenon is likely to become predomi-
nant at higher F concentrations, explaining thus the switch to
p-type conductivity for the sample grown at 200 C, charac-
terized by the highest fluorine amount, and accounting also
for the observed optical bandgap increase (Table 1 and Fig. 6).
4. Conclusions
In this study, we have reported on the use of a PE-CVD
approach for the fabrication of the scarcely investigated b-
Fe2O3 on ITO substrates at 200e400 C. Under optimized con-
ditions, columnar arrays of b-Fe2O3 with a preferred (100)
growth direction and highly porous structure were successfully
obtained in Ar/O2 plasma. The use of a fluorinated Fe(II)
molecular precursor enabled homogeneous F doping of the
target systems, with an in-depth distribution and a content
modifiable by variations of the sole growth temperature.
Correspondingly, the optical bandgap underwent a progressive
blue-shift upon increasing fluorine amount. In all cases, the
measured values were lower than those reported for the most
common a-Fe2O3 (EG¼ 2.1e2.2 eV), highlighting the potential of
the present b-Fe2O3 nanomaterials for applications requiring a
strong Vis light absorption, such as water splitting into
hydrogen and oxygen. In this regard, photoelectrochemical and
MotteSchottky studies, performed for the first time on F-doped
b-Fe2O3, revealed that increasing F content resulted in a tran-
sition from an n-type to a p-type conduction regime, as indi-
cated by the carrier density and flatband potential values.
The inherent advantages of PE-CVD approaches for a
scaled-up production and tailoring of the target material fea-
tures act as a pointer for future research. In particular, a
challenging key issue concerns the improvement of system
functional performances through fabrication of composite
materials. For instance, functionalization with other transi-
tion metal oxides, such as cobalt and copper oxides, might
profitably suppress charge carrier recombination and improve
Fe2O3 catalytic activity in water splitting. In addition, other
applications, such as gas sensing and photocatalytic hydrogen
production, might suitably benefit from the unique properties
of these new F-doped b-Fe2O3 nanostructures.
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Chapter 4
Fe2O3-based nanocomposites by
hybrid vapor-phase synthetic
strategies
4.1 Introduction
In recent years, increasing efforts have been devoted to the preparation of multi-
component oxide-based composite systems with tailored nano-organization (see Appendix
A.5). This widespread interest is boosted by the possibility of joining the multi-functional
behaviour of low-dimensional materials with the synergistic interplay between single com-
ponent properties.32,58,136,137 For instance, an improved charge carrier separation can
occur at metal/semiconductor (SC) oxide interfaces due to the formation of Schottky
barriers, with significant benefits in various applicative areas, such as molecular detec-
tion and photoactivated H2 production.
137–140 In addition, the controlled formation of
oxide/oxide p-n junctions and the related electron transfer processes are responsible for
improved performances in optoelectronics, photocatalysis or gas sensing with respect to
single-phase systems.59,60,101,136,141
In this scenario, nanosystem functional properties are significantly affected by structure-
morphology interrelations and interfacial phenomena, which, in turn, are directly depen-
dent on the intimate contact between the constituents.32,58,138
As a consequence, a full exploitation of heterojunction functionalities in advanced
devices relies on the availability of suitable and versatile preparation routes. Nevertheless,
the synthesis of nanocomposites with prescribed features through efficient fabrication
procedures still remain an open issue.
In this context, the surface functionalization of host iron(III) oxide matrices with a
controlled dispersion of oxide or metallic guest species possesses a strategic interest from
both a fundamental and an applicative point of view. Basing on the results obtained in
Chapter 2 regarding the synthesis of various tailored iron(III) oxide polymorphs by CVD,
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the research activities in the last part of this PhD work have been extended to the devel-
opment of Fe2O3-based composites involving selected metal and oxide guest counterparts.
The present Chapter reports on the preparation, investigation and functional testing
of the above systems, that still constitute an on-going part of research activities whose
results have not been yet fully published. In particular, composite preparation has been
carried out by two-step procedures, adopting Fe2O3 nanosystems as host matrices, and
exploring two different functionalization strategies, in order to develop different kinds of
nanocomposite materials.
The first strategy is based on the use of RF-sputtering, a physical synthetic process
exploiting the benefits of cold plasmas, representing an efficient technique for the mild
dispersion of nanoaggregates into porous matrices under controlled conditions. In partic-
ular, as reported in Appendix A.3.2, RF-sputtering is characterized by a high infiltration
power, along with the possibility of operating at low temperatures and low applied RF-
power settings (typically 60° and 5 W, respectively), minimizing any possible detrimental
alteration of the host morphology during the deposition process.
In particular, following an original CVD + RF-sputtering sequential approach, M/β-
Fe2O3 (M = Ag, Pt) and M’/-Fe2O3 [where M’ denotes nanoparticles based on metals
of the 11th group (Cu, Ag, Au)139] nanocomposites have been prepared, subjected to a
detailed chemico-physical characterization and tested in view of practical applications
(see sections 4.2, 4.3 and 4.4). Remarkably, the present preparation protocol were proved
to be effective in preserving the structure and morphology of the pristine iron(III) oxide
hosts, thanks to the use of relatively mild processing conditions. As discussed in the
next sections, due to the differences in reactivity between the target metals, the adopted
preparative route led to the obtainment of pure oxide (CuO), to partially oxidized (Ag)
or to pure metallic (Pt, Au) guest particles.
The second strategy explored in this work to fabricate Fe2O3-based composite materi-
als consists in iron oxide functionalization by an ultrathin surface layer. In fact, especially
in view of eventual photo-assisted applications, such as photo-induce hydrophilicity (PH)
and photocatalytic oxidation (PCO, see Appendix C.3.1), the precise engineering of the
resulting heterointerface can provide various degrees of freedom to tailor the ultimate
material performances. To this regard, the technique selected for the surface function-
alization of Fe2O3 nanomaterials is ALD (see Appendix A.4), thanks to its atomic-scale
thickness control and conformal coverage capability. In particular, it is worth highlighting
that ALD is well-suited for the deposition of films on nano-patterned surfaces with high
aspect ratio features, such as the ones developed in this PhD thesis (see section 4.5).
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4.2 Synthesis and characterization of CuO/-Fe2O3
nanocomposites
The functionalization of Fe2O3 materials with copper(II) oxide represents an attractive
choice to overcome the inherent Fe2O3 disadvantages in several technological applications
(e.g. photo-assisted).142–144 In this context, CuO, a biocompatible, stable, inexpensive
and environmentally friendly semiconductor (EG = 1.2 eV), has been explored as a possible
alternative to the widely used noble metal (such as Pt, Ag, Au) NP activators.
To date, CuO/α- and γ-Fe2O3 composites have been mainly investigated in pow-
dered forms for a variety of heterogeneous catalytic processes, such as CO and gas-phase
ethanol oxidation,142–144 as well as for photocatalytic,145 magnetic146 and gas sensing ap-
plications.147 In a different way, only one report on supported CuO/Fe2O3 composites is
available in the literature.148
In this PhD thesis, a hybrid CVD + RF-sputtering approach has been adopted for the
preparation of CuO/-Fe2O3 nanocomposites. In particular, -Fe2O3 nanorods (obtained
by thermal CVD at 400℃ under O2 + H2O atmosphere, section 2.2) on Si(100) substrates
have been selected as host matrices thanks to their high porosity and unique morphological
organization, making them an ideal support for the subsequent overdispersion of CuO
guest particles. In addition, CuO/-Fe2O3 composite materials have never been reported
and, as a consequence, their fabrication by means of versatile synthetic routes is of great
interest for both fundamental and applied research.
After a preliminary RF-sputtering process optimization, the content of CuO in Fe2O3
was tuned as a function of the corresponding sputtering time (90 and 180 min), at tem-
peratures as low as 60℃. Finally, a thermal treatment at 400℃ in air (1 h) was carried
out to promote a complete copper oxidation and to ensure the material stabilization.
Interestingly, both the performed structural (XRD2) and morphological (FE-SEM)
analyses did not evidenced any variations of iron(III) oxide systems after copper depo-
sition, suggesting the occurrence of a high dispersion of small Cu-containing aggregates,
preserving at the same time the structure and morphology of the -Fe2O3 matrices (see
section 2.2). In fact, a careful inspection of FE-SEM images revealed the occurrence of
nanorod arrays grown almost nearly perpendicularly to the substrate surface, whose tips
were decorated by low-sized Cu-containing particles.
The system surface composition was analysed by XPS and XE-AES, that revealed an
increase in the Cu atomic percentage from 5 to 25 at.% upon increasing the sputtering
time from 90 to 180 min, confirming thus the possibility of tuning the loading of Cu-based
NPs by varying the sole process duration. In addition, the presence of CuO as the only
copper-containing species could be assessed by (see Figure 4.1): i) the BE position of the
Cu2p3/2 peak at 934.5 eV; ii) the presence of strong shake-up satellites at BEs ca. 8.0 eV
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Figure 4.1 – Surface Cu2p photoelectron peaks and CuLMM Auger signals for CuO/-
Fe2O3 nanocomposites obtained with different copper sputtering times [AlKα X-ray source
(hν = 1486.6 eV)].
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Figure 4.2 – SIMS depth profile of a CuO/-Fe2O3 specimen obtained with a copper
sputtering time of 90 min (Cs+ primary beam = 14.5 keV, current = 20 nA, negative
secondary ion detection).
higher than the main spin-orbit components; iii) the value of the Auger parameter (α =
1851.6 eV)∗.136,149 In addition, the Fe2p peak shape and position [BE(Fe2p3/2) = 710.9
eV, Fe2p1/2 - Fe2p3/2 energy separation = 13.5 eV] were in agreement with the presence
of iron(III) oxide.38,149
The in-depth chemical composition of the composites was investigated by SIMS anal-
yses (see Figure 4.2). The parallel trends of O and Fe ionic yields demonstrated their
common chemical origin from the Fe2O3 matrix. The obtained results also revealed a
copper surface enrichment up to 50 min of erosion, followed by an homogenous copper
distribution in the inner Fe2O3 region, in line with the preferential CuO particle location
at the -Fe2O3 nanorod tips observed by FE-SEM data (see above).
∗α = BE(Cu2p3/2) + KE(CuLMM).136,149
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As a whole, the above data demonstrate the possibility to synthesize high surface-to-
volume ratio CuO/-Fe2O3 nanostructures with an intimate interfacial contact between
host and guest components. This phenomenon can result in an improved charge carrier
separation and in a peculiar chemical reactivity, beneficially affecting photocatalytic and
gas sensing performances.
To this regard, functional test aimed to elucidate the influence of different CuO load-
ings on the ultimate composite properties are actually in progress. The present results
on the synthesis and characterization of CuO/-Fe2O3 nanomaterials are currently being
published.
4.3 Synthesis, characterization and photo-assisted H2
generation performances of M/-Fe2O3 nanocom-
posites (M = Ag, Au)
Basing on the appealing iron(III) oxide performances in H2 generation by photore-
forming of OOCs (see section 2.6; Appendix C.3.2), the interest has been subsequently
focused on functionalization with Ag and Au NPs, following a preparation protocol (CVD
+ RF-sputtering) similar to the one described in the previous section. Once again, Si(100)-
supported -Fe2O3 nanorod arrays were selected as host matrices.
In this part of the work, Ag and Au NPs were deposited at 60℃ by RF-sputtering
(Appendix A.3.2) using deposition times of 30 and 45 min, respectively. The choice of
sputtering times was performed after a series of preliminary experiments, aimed at deposit-
ing comparable amounts of Au and Ag on -Fe2O3 matrices. Finally, ex-situ annealing in
air was carried out, as reported in the previous section.
The target nanocomposites were characterized by -Fe2O3 nanorod arrays decorated
by guest NPs, with a NP spatial distribution directly dependent on the guest chemical
nature (Figure 4.3). As can be observed, silver particles were hardly detectable, suggesting
the occurrence of small and highly dispersed aggregates. In a different way, in the case of
gold, NPs with mean diameter of 12 nm were present on the rod tips.140,150
The performed XPS and XE-AES analyses confirmed the purity of the synthetized
systems, and also evidenced a different NP distribution. In fact, the M/Fe surface ratios
were 0.02 and 1.4 for Ag and Au, respectively, suggesting a higher in-depth penetration
of Ag in the Fe2O3 matrix. The silver oxidation state was investigated by the analysis of
Ag3d photoelectron peak [BE(Ag3d5/2) = 368.4 eV; Ag3d5/2 - Ag3d3/2 energy separation
= 6.0 eV] and by calculation of the corresponding Auger parameters [α1 = 718.4 eV;
α2 = 723.6 eV],
† pointing out the occurrence of a partial silver oxidation.59,69,149,152 On
†α1 = BE(Ag3d5/2) + KE(AgM5VV); α2 = BE(Ag3d5/2) + KE(AgM4VV).151
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Figure 4.3 – Representative plane-view and cross-sectional FE-SEM micrographs for Ag/-
Fe2O3 and Au/-Fe2O3 nanocomposites.
the other hand, gold was present only in its metallic state Au(0) [BE(Au4f7/2) = 84.6
eV].136,141
The different metal in-depth distribution was confirmed by SIMS analyses (Figure 4.4),
displaying an homogenous silver penetration throughout the whole iron oxide matrix and
a gold surface accumulation in the outermost host region.
As anticipated, the obtained nanocomposites were tested for the first time in H2 gener-
ation by photoreforming of ethanol solutions under simulated solar radiation (Appendix
C.3.2). The detected trends for H2 evolution trends (see Figure 4.5) indicated a good
time stability of performances, due to the absence of detrimental aggregation, poison-
ing or leaching phenomena.153 Remarkably, the functionalization with guest particles
resulted to be effective in the improvement of functional performances with respect to the
bare iron(III) oxide matrices, with a reactivity order being -Fe2O3 < Ag/-Fe2O3 < Au/-
Fe2O3. Interestingly, the obtained H2 evolution rates, higher than 2 µmol× cm−2×h−1 for
Au/-Fe2O3 nanosystems, compared favorably with similar oxide photocatalysts.
32,117,153
The improvement of functional performances upon introduction of Ag and Au NPs can
be attributed to the intimate contact between NPs and Fe2O3, resulting in an enhanced
light harvesting thanks to surface plasmon phenomena, as well as to a more efficient charge
carrier separation.32,59,138 In fact, in particular for Au containing samples, photocatalytic
experiments upon the sole Vis-light irradiation have shown a still appreciable H2 evolution,
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Figure 4.5 – Integrated H2 evolution rates from water/ethanol solutions as a function
of irradiation time for various -Fe2O3-based nanomaterials under solar illumination (see
Appendix C.3.2)
whereas bare iron oxide presented a very low activity under these conditions. The higher
reactivity of Au/-Fe2O3 with respect to Ag/-Fe2O3 can be attributed to the increased
capability of metal/oxide junctions to enhance charge carrier separation with respect to
oxide/oxide ones. In fact, basing on the performed compositional analyses, the partial
oxidation of silver NPs likely resulted in oxide/oxide contact in Ag/-Fe2O3 systems,
whereas the presence of gold in the sole metallic state, produced a Schottky junction in
Au/-Fe2O3 nanomaterials.
32,138
These indications underline the importance of a precise interface engineering to achieve
enhanced functional properties. Taken together, the discussed results demonstrate that a
dispersion of Ag and Au-based NPs onto iron(III) oxide matrices directly impacts their
activity in photo-assisted H2 production, enabling an optimization of the resulting yields.
Overall, these findings pave the way to attractive technological utilizations of the present
nanomaterials, involving the use of the sole solar illumination. The reported results are
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currently being published.
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4.4 Synthesis, characterization and gas sensing prop-
erties of M/q-Fe2O3 nanocomposites (M = Ag,
Au, Pt; q = , β)
Various literature reports have demonstrated that iron(III) oxides functionalized with
suitable agents, such as Pd, Pt, Ag, or Au show significant improvements in the gas sensing
of various analytes, and/or a change of the corresponding selectivity patterns.154–159
The enhancement of the sensing properties strongly relies on a tailored NP dispersion,
in order to efficiently exploit their unique electronic and catalytic features, along with the
occurrence of improved charge carrier separation at metal/oxide interfaces.138,141,154,156
In addition, considering that β- and -Fe2O3 materials have never been tested in solid
state gas sensors up to date, the development of devices based on these rare polymorphs
represents undoubtedly an interesting issue.
To this regard, as demonstrated in the previous sections, the versatility and advantages
provided by the sequential utilization of CVD and RF-sputtering techniques can enable to
achieve a controlled spatial distribution of metal NPs over Fe2O3 (see Appendix A.5). In
the present section, a two-step synthetic strategy to Au/-Fe2O3 and Ag or Pt/β-Fe2O3
nanocomposites, along with relevant characterization data and gas sensing results on the
detection of toxic/flammable analytes are reported.
4.4.1 Au/-Fe2O3 nanosystems
-Fe2O3 nanorod host matrices (Section 2.2, deposition temperature = 400℃, O2 +
H2O) were grown on Si(100) substrates covered by an insulating layer (50 nm) of thermal
SiO2. Subsequently, Au NPs were dispersed over -Fe2O3 matrices by using two different
sputtering times (20 min and 40 min).
The iron oxide morphology (see Figure 4.6) did not show any significant difference
with respect to specimens on Si(100) previously discussed in section 2.2, and was always
dominated by arrays of nanorods homogeneously covering the substrate surface. In addi-
tion, the rod tips were decorated by gold NPs, whose mean diameter increased from ∼10
to ∼15 nm upon going from 20 to 40 min of sputtering time.
The results obtained by XPS surface analyses highlighted the presence of pure iron(III)
oxide and metallic gold [BE(Au4f7/2) = 84.5 eV)], in line with previous findings (section
4.3). Quantitative analyses evidenced that surface gold atomic percentage increased with
sputtering time from 32.0 at.% (20 min) to 43.0 at.% (40 min). SIMS depth profiles
(Figure 4.7) revealed an accumulation of gold NPs in the outermost material regions.
Upon increasing the Au sputtering time, a higher penetration (about 40%) of gold NPs
into the -Fe2O3 matrix was recorded.
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Figure 4.6 – Representative plane-view and cross-sectional FE-SEM micrographs of Au/-
Fe2O3 nanocomposites.
The sensing properties of Au/-Fe2O3 nanocomposites were tested in the detection
of both oxidizing (nitrogen dioxide) and reducing (carbon monoxide, hydrogen, ethanol
and acetone) gases. Remarkably, the present systems showed a high selectivity, since
appreciable responses were detected only for NO2, a toxic air pollutant produced by
engine emissions and combustion processes.160–162
Figure 4.8a presents the dynamic responses for various nanosystems to square con-
centration pulses of NO2 at 100℃. The conductance increase upon exposure to NO2, an
oxidizing gas, is a behavior typical of p-type semiconductors (see Appendix C.4).141 The
measured conductance variations were proportional to the target gas concentration, indi-
cating a reversible interaction between the sensing elements and the analyte and enabling
to rule out appreciable saturation phenomena (response time = 60 s and recovery time =
450 s, see Appendix C.4).
The dependence of the sensor response on the adopted working temperature (Figure
4.8b) evidenced that the dispersion of gold NPs has a beneficial effect thanks to their
catalytic activity in the adsorption of NO2. In addition, Au nanoaggregates can supply
active sites for the chemisorption of both oxygen and analyte molecules, that subsequently
spill over onto the surface of the iron oxide matrix (spillover effect).159,163–165
As can be noted in Figure 4.8b, the introduction of Au NPs resulted in an enhanced
activity also at room temperature, with a significant benefit in terms of both power
consumption and sensor service life.166 Remarkably, the present Au-containing systems
showed improved responses in the detection of NO2 at low temperatures (25 - 100℃) if
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Figure 4.8 – Sensing performances of -Fe2O3-based nanomaterials: (a) conductance vari-
ations as a function of NO2 square concentration pulses at a working temperature of 100℃;
(b) response values (see Appendix C.4) as a function of working temperature (NO2 concen-
tration = 5 ppm).
compared with other similar iron oxide-based sensors.160–162
It is worthwhile observing that even the density and size of Au NPs influenced NO2
sensing performances,165 and, in particular, an improved activity at room temperature was
observed for an Au sputtering time of 20 min, whereas the specimen with an increased Au
content showed a higher response at 200℃. A detailed investigation of these effects, will
be the subject of future research activities aimed to elucidate the interrelations between
the NP structure and the sensing performances.
As demonstrated in this work, the development of -Fe2O3-based nanocomposites con-
taining gold NPs has been successfully carried out. The prepared composite materials
showed interesting performances in NO2 detection, and exhibited a high selectivity even
at very low temperatures. These results open attractive perspectives for the development
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of low-cost and lightweight sensors for a plethora of practical applications.
The present results are currently being published.
4.4.2 Ag or Pt/β-Fe2O3 nanosystems
Two different β-Fe2O3 host matrices were grown on polycrystalline Al2O3 substrates
by CVD (section 2.2, deposition temperature = 400 and 500℃, dry O2). Subsequently,
Ag or Pt NPs were over-dispersed on β-Fe2O3 by RF-sputtering, (Appendix A.3.2) using
two different deposition times (30 and 90 min). This choice was performed basing on
preliminary sputtering experiments, aimed to achieve a similar loading for the two metals.
β-Fe2O3 deposits were characterized by well-interconnected nanopyramidal aggregates,
uniformly protruding from the Al2O3 growth substrate. After sputtering, a different guest
spatial distribution was observed as a function of the metal nature and of the Fe2O3 growth
conditions. In particular, a pronounced three-dimensional growth (sizes ranging from 10
to 50 nm) has been observed for silver NPs. In the case of Pt, low-sized NPs (<5 nm)
were present, and conformally covered the iron oxide matrix.
XPS and XE-AES surface analyses evidenced the co-presence of Ag(0) and Ag(I)
oxide,59,151 whereas Pt was present in the sole metallic form,158,159 as expected basing on
the differences in the chemical properties of the two metals.
The obtained nanoarchitectures were tested as gas sensors for various analytes, includ-
ing oxidizing (nitrogen dioxide, ozone) and reducing (hydrogen, ethanol, acetone, carbon
monoxide, methane) species, at temperatures ranging from 100 to 400℃. Appreciable re-
sponses (>0.1) were recorded only for the detection of H2, CH3CH2OH and CH3COCH3,
suggesting a good sensor selectivity. It is worth reminding that hydrogen on-line mon-
itoring is crucial in view of its utilization as energy vector, whereas sensing of ethanol
and acetone is of importance for biomedical applications and food industries, as well as
in breath sampling for driver security purposes.19,141,155
The introduction of metal NPs resulted in a systematic enhancement of the sensor
response with respect to bare β-Fe2O3. In particular, the favourable influence of Pt NPs
on the system sensing behavior can be attributed to the so-called spillover effect (see also
section 4.4.1).167 A further synergistic contribution can be related to an improved charge
carrier separation at Ag and Pt/β-Fe2O3 interfaces. In addition, the improved Ag/β-
Fe2O3 performances can be also attributed to the presence not only of Ag(0), but also of
Ag(I), possessing a well-known catalytic activity.59 Response variations were proportional
to gas concentration, enabling to exclude appreciable saturation effects. In particular, in
the case of H2 detection, the obtained performances compare favourably with previous
studies on Ag and Pt-doped α-Fe2O3.
154,158
As a general observation, for both Au/-Fe2O3 and Pt-Ag/β-Fe2O3 nanocomposites the
sensing properties were strongly dependent on the peculiar nanocomposites characteris-
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tics, exploiting the system high surface-to-volume ratio, along with the intimate metal/oxide
contact. Interestingly, the choice of a selected iron oxide polymorph directly affected the
selectivity gas sensing pattern, a critical issue for practical utilization, highlighting the
applicative potential of the developed CVD approach, capable of fabricating single-phase
β- and -iron oxides. In addition, the absence of saturation phenomena, along with the
moderate working temperatures, is extremely promising for quantitative applications and
highlights the importance of engineering oxide nanocomposites in order to design and
master their functional performances.
Further details on the synthesis, characterization and sensing properties of Pt-Ag/β-
Fe2O3 nanocomposites are also reported in the following article
69 (reprinted with the
permission from The Royal Society of Chemistry). A paper specifically devoted to their
detailed XPS analysis has also been published152 (reprinted with permission from Amer-
ican Vacuum Society).
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Controlled synthesis and properties of b-Fe2O3 nanosystems functionalized
with Ag or Pt nanoparticles{
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b-Fe2O3 nanosystems functionalized with Ag or Pt nanoparticles were synthesized by an innovative
two-step procedure, based on the chemical vapor deposition (CVD) of b-iron(III) oxide matrices and
the subsequent radio frequency (RF)-sputtering of metal nanoparticles. The system structure, nano-
organization and chemical composition were investigated by means of X-ray diffraction (XRD), field
emission-scanning electron microscopy (FE-SEM), X-ray photoelectron/X-ray excited-Auger
electron spectroscopies (XPS/XE-AES), and secondary ion mass spectrometry (SIMS). High purity
nanomaterials based on the scarcely investigated b-Fe2O3 phase, and functionalized by Ag or Pt
nanoparticles with tailored dispersion, were successfully obtained. Preliminary gas sensing
experiments towards toxic and flammable analytes were carried out in the temperature range
100–400 uC, highlighting interesting results in the detection of H2, CH3CH2OH, and CH3COCH3.
The adopted approach can be further optimized to control the diverse morphologies of iron
oxide-based materials meeting the demands of a variety of applications.
1. Introduction
In recent years, multifunctional nanocomposites have attracted
considerable research attention owing to the novel or enhanced
properties arising from the rational constituent combination. In
particular, many efforts have been devoted to loading of
semiconductor (SC) oxides with metal nanoparticles (NPs)
thanks to the unique electronic and catalytic features of the
latter, resulting in hybrid nanostructures with peculiar magnetic,
catalytic and plasmonic properties.1–3 In addition, metal/oxide
interactions have favourable sensitization effects for photo-
assisted and gas sensing applications, thanks to their valuable
catalytic action and to the improved charge carrier (e2/h+)
separation at the metal/SC interface.4–8
Among oxide SCs, iron(III) oxides possess appealing applicative
features, thanks to their accessibility to different polymorphs, low
toxicity, and attractive chemico-physical properties.9–14 Various
reports have demonstrated that Fe2O3, especially if doped with
suitable agents, can significantly improve performances in catalysis,
optics, magnetism, batteries, biomedicine and chemical sen-
sing.1,4,10,11,15–21 In particular, a-Fe2O3 (hematite), the most stable
iron oxide phase under ambient conditions, and c-Fe2O3 (maghe-
mite), have been used in different forms (films, nanoparticles,
nanotubes, nanobelts, hierarchical structures…) for gaseous analyte
detection.12,14,17,19,22–32 In order to enhance the system performances,
the preparation of a- and c-Fe2O3 systems doped with metal NPs,
such as silver, palladium and platinum,13,18 has shown a beneficial
influence on the sensor activity and/or a change of the corresponding
selectivity patterns.4,7,8,16,30,33,34 In this context, the use of silver NPs
as substitutes for Au/Pd ones is an amenable alternative for the lower
cost and high chemical reactivity,4,7,35 opening interesting perspec-
tives for eventual high-throughput applications.
In spite of the above studies on a- and c-Fe2O3 polymorphs, the
use of the scarcely available b-Fe2O3 form (body-centered cubic
structure, bixbyite36) in gas sensors has never been reported, and,
to the best of our knowledge, only one paper employing this phase
for the electrochemical detection of aqueous ammonia is available
in the literature.37 As a consequence, the preparation of b-Fe2O3
nanomaterials containing noble metals for gas sensing undoubt-
edly requires further studies.
In the synthesis of metal/oxide nanosystems, a critical issue is
the availability of preparative strategies enabling to control not
only the oxide matrix structure and morphology, but also metal
NP loading and spatial distribution. In this regard, we have
already showed the versatility and advantages provided by the
sequential utilization of chemical vapor deposition (CVD) and
radio frequency (RF)-sputtering.6,7,38 The use of a similar
approach for the synthesis of the oxide and metal counterparts
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enables an independent tuning of their characteristics, resulting
in unique composite features and controlled spatial distribution
of metal nanoaggregates.6,7,35
Basing on these results, in the present work we propose a two-
step synthetic strategy to Ag/b-Fe2O3 and Pt/b-Fe2O3 nanocom-
posites. First, b-Fe2O3 systems were grown on polycrystalline
Al2O3 substrates by CVD, at temperatures of 400 uC and 500 uC.
Subsequently, Ag or Pt NPs were dispersed on b-Fe2O3 by RF-
sputtering. The composite system properties were investigated by
a multi-technique approach and critically discussed as a function
of metal NP nature and distribution. For the first time,
preliminary gas sensing analyses on Ag/b-Fe2O3 and Pt/
b-Fe2O3 nanoarchitectures are reported for the detection of
hydrogen, ethanol and acetone. The on-line monitoring of the
former is crucial in view of its utilization as energy vector,
whereas sensing of ethanol and acetone is of importance for
biomedical and food industries, as well as in breath sampling for
driver security purposes.6,7,11,12,17,38 The present work is
expected to provide an insight into the effective development
of b-Fe2O3 nanoarchitectures and their functionalization with
metal particles, opening intriguing perspectives for their gas
sensing applications.
2. Experimental
2.1 Synthesis
A cold-wall horizontal CVD apparatus39 equipped with an
external precursor reservoir was used for deposition of Fe2O3
systems, starting from Fe(hfa)2?TMEDA as the iron precur-
sor.36,40 The compound was vaporised at 60 uC and transported
towards the growth region by means of a pure O2 flow [purity =
6.0, flow rate = 20 standard cubic centimetres per minute (sccm)].
A separate inlet was used for the introduction of a further
oxygen flow into the reactor (rate = 20 sccm; total O2 flow rate =
40 sccm). Gas lines and valves between the vaporizer and the
reaction chamber were heated at 120 uC throughout each
experiment in order to prevent undesired condensation phenom-
ena of precursor vapours. Depositions were carried out for 1 h at
3.0 mbar, using growth temperatures of 400 and 500 uC.
Polycrystalline Al2O3 slides (purity = 99.6%; thickness = 250 mm;
average surface roughness = 70 nm) were used as substrates and
subjected to a pre-cleaning procedure in order to remove
surface contaminations.7,41 At the end of each growth process,
samples were cooled down to room temperature under flowing
O2.
Subsequently, silver (platinum) deposition on iron oxide
samples was performed by a custom-built RF plasmochemical
reactor (n = 13.56 MHz) using electronic grade Ar (purity = 5.0)
as plasma source.6,7,35 A silver (platinum) target (0.3 mm thick;
Alfa Aesar1, 99%) was fixed on the RF electrode, and Al2O3-
supported b-Fe2O3 matrices were mounted on a second
grounded electrode. Sputtering processes were carried out under
the following conditions: substrate T = 60 uC; RF-power = 5 W;
total pressure = 0.30 mbar; Ar flow rate = 10 sccm. After
optimization of the processing parameters, experiment duration
was set at 90 and 30 min for Ag and Pt, respectively.
The obtained Ag/Fe2O3 and Pt/Fe2O3 systems were subjected
to ex-situ thermal treatments in air at 400 uC for 1 h in order to
attain a thermal stabilization before gas sensing tests.
2.2 Characterization
X-ray diffraction (XRD) analyses were performed by a Bruker
D8 Advance diffractometer with Cu-Ka radiation (l = 1.5418 A˚)
in the Bragg-Brentano geometry. The mean crystallite size was
estimated by using the Scherrer formula.
Field emission-scanning electron microscopy (FE-SEM) mea-
surements were performed by means of a Zeiss SUPRA 40VP
instrument, using a primary beam acceleration voltage of 10 kV.
The mean nanoaggregate size was evaluated through the
SmartSEM1 software.
X-ray photoelectron and X-ray excited-Auger electron spec-
troscopies (XPS and XE-AES) analyses were carried out by a
Perkin-Elmer W5600ci spectrometer at pressures lower than 1 6
1028 mbar, using a standard Al Ka excitation source (hn =
1486.6 eV). The reported Binding Energies (BEs, standard
deviation = ¡ 0.2 eV) were corrected for charging effects by
assigning to the C1s line of adventitious carbon a position of
284.8 eV.42 Quantitation was performed using sensitivity factors
provided by W V5.4A software. Silver Auger parameters (a1 and
a2) were calculated as previously reported.
35,43
Secondary ion mass spectrometry (SIMS) measurements were
carried out by means of a Cameca IMS 4f instrument, using a
Cs+ primary beam (14.5 keV, 25 nA), negative secondary ion
detection and an electron gun for charge compensation. Signals
were collected in beam blanking mode by rastering over a 150 6
150 mm2 area, detecting secondary ions from a sub-region close
to 8 6 8 mm2 to avoid crater effects.
Gas sensing tests were carried out by the flow-through method
in a thermostatic sealed chamber with controlled temperature
(20 uC) and relative humidity (40%).44 Measurements were carried
out adopting dry air as a carrier gas [flow rate = 0.3 standard litres
per minute (slm)] at 1 atm. After 8 h of pre-stabilization at each
working temperature, the sensor resistance was recorded as a
function of gas concentration, adopting the volt-amperometric
technique with a constant bias voltage (1 V). The sensor response
(S) was evaluated as the relative conductance variation upon
exposure to the analyte gases (S = DG/G0, where G0 denotes the
initial conductance in air).7,41,44,45 The maximum response
variations did not exceed 10% upon repeated cycling of the
sensing elements, indicating a good reproducibility. The response
time was calculated as the time required for conductance to reach
90% of the equilibrium value after the test gas injection, whereas
the recovery time was the one necessary for the sample to return to
30% of the original conductance in air.45
3. Results and discussion
In this work, the attention was initially devoted to the
optimization of Fe2O3 nanosystems, in order to obtain single-
phase matrices with tailored morphology for the subsequent
metal NP dispersion. To this regard, Fig. 1 displays XRD
patterns of Fe2O3 materials synthesised adopting two different
growth temperatures (400 and 500 uC). As can be noticed, the
patterns showed the peaks at 2q = 23.2u, 33.0u, 38.4u and 40.8u,
that could be assigned to the (211), (222), (400) and (411)
reflections of the cubic b-Fe2O3 (bixbyite),
46 and no appreciable
reflections from other iron oxide phases could be detected. The
average nanocrystal size values were 30 and 40 nm for specimens
grown at 400 uC and 500 uC, respectively.
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At 400 uC, the relative intensities were comparable to those of
the powder spectrum, and some reflections related to the
polycrystalline Al2O3 could be observed. An increase of the
growth temperature to 500 uC resulted in an intensity enhance-
ment of the (400) peak at 2q = 38.4u, suggesting the occurrence
of a preferential orientation.36 In addition, the disappearance of
substrate signals suggested an increase in the overall nanodeposit
thickness, as confirmed by cross-sectional FE-SEM investigation
(see below and Fig. 2). Upon silver or platinum deposition, no
variation in the XRD patterns took place. This phenomenon was
related to the high dispersion of metal particles in/on the iron
oxide matrices,4,33 and highlights that the present synthetic
protocol is mild enough to preserve the oxide matrix struc-
ture.6,38,45
The system nano-organization as a function of the processing
conditions was investigated by FE-SEM. In agreement with the
above observations, micrographs for bare and metal-containing
b-Fe2O3 (Fig. S1{ and Fig. 2) showed that, after metal NP
functionalization, no significant alteration took place in the
pristine matrix morphology. The latter was characterized by the
presence of well-interconnected nanopyramids, displaying a
more pronounced faceting and a size increase (from 240 to
360 nm) upon going from 400 to 500 uC. Cross-sectional SEM
images highlighted a conformal coverage of Al2O3 by Fe2O3
pyramids, uniformly protruding from the growth substrate. The
average nanodeposit thickness changed from 600 nm, at 400 uC,
to 900 nm, at 500 uC, due to an enhanced precursor
decomposition at higher temperatures.
After RF-sputtering of silver and platinum, the presence of
metal aggregates was clearly detectable (Fig. 2). Despite a high
dispersion was achieved in all cases, in line with the absence of
diffraction peaks related to Ag/Pt NPs, a different spatial
distribution was observed for silver and platinum agglomerates,
suggesting different nucleation modes. As concerns Ag/b-Fe2O3
(400 uC), low-sized particles (Ø = 10 nm) homogeneously
dispersed on b-Fe2O3 were observed, along with a minority
portion of larger agglomerates (Ø = 50 nm). Conversely, in the
case of Ag/b-Fe2O3 (500 uC), the bigger nanoparticles uniformly
decorated the surface of Fe2O3 nanopyramids and the smaller
ones could no more be discerned. In the case of Pt-containing
samples, metal particle size was remarkably lower than for the
homologous Ag systems, and a conformal coverage of the under-
lying Fe2O3 took place in both cases. In particular, at 400 uC
low-sized Pt NPs, with a mean diameter ,5 nm, were present,
whereas for sample Pt/b-Fe2O3 (500 uC) a denser conformal
coverage of Fe2O3 pyramid surface by even smaller nanoag-
gregates took place. The present experimental findings are in line
with previous results concerning Fe2O3 nanopowders prepared
by an hydrothermal process and subsequently functionalized
with Ag or Pt by solution routes.1
In order to investigate the surface chemical composition, with
special focus on the metal oxidation states as a function of
preparation conditions, XPS and XE-AES surface analyses were
carried out. As a general rule, only Fe, O and Ag(Pt) peaks were
observed (Fig. 3a,b), along with minor carbon signals deriving
from adventitious surface contamination. Concerning iron, no
significant difference in peak features was observed as a function
of growth temperature. For all samples, the Fe2p photoelectron
peak (Fig. 3c) presented two distinct spin–orbit components
[D(BE) = 13.4 eV], and both peak shape and position [BE(Fe2p3/2)
= 711.3 eV] confirmed the occurrence of Fe(III) as the sole
oxidation state.4,25,29,33,47,48 The O1s peak (Fig. 3d) was decom-
posed by two main contributing bands at 531.9 (I) and 530.1 (II)
eV, related to surface chemisorbed hydroxyl/carbonate species
and lattice oxygen in Fe2O3, respectively.
47,48
As concerns silver-containing specimens, the Ag3d5/2 photo-
electron peak (Fig. 3e) had a mean BE of 368.3 eV, and the 3d5/2-
3d3/2 separation was 6.0 eV.
1,4 To attain a deeper insight into the
silver chemical state, the Auger parameters (a1 and a2) were
calculated, yielding a1 = 719.3 eV and a2 = 724.7 eV irrespective
of the growth temperature. These data pointed out to the
occurrence of a partial silver oxidation, suggesting thus the co-
presence of Ag(0) and Ag(I) oxide.7,35,43,48
Calculation of the surface Ag/Fe atomic percentage ratio
yielded an increase from 0.5 to 4.6 upon rising the growth
temperature from 400 to 500 uC. On the basis of also the FE-
SEM data (Fig. 3), this phenomenon could be attributed to a
different silver NP organization in the oxide matrices. In fact, as
also indicated by SIMS investigation (see below and Fig. 4), at
400 uC low-sized Ag-based aggregates, more evenly distributed
also in the in-depth matrix region, were present. In a different
way, at 500 uC composite systems were characterized by bigger
agglomerates mainly confined in the outermost region, resulting
thus in a higher Ag/Fe surface ratio.
As concerns Pt/Fe2O3 nanomaterials, the Pt4f7/2 photoelectron
peak was centered at BE = 71.5 eV, and the 4f7/2-4f5/2 separation
was 6.0 eV (Fig. 3f). These values, along with the peak tailing on
the high BE side, are evidence of the presence of the sole Pt(0)
oxidation state.1,15,33,48 This result highlighted the lower
reactivity of Pt vs. Ag NPs towards oxidation processes.
Surface Pt/Fe atomic ratios were 3.5 and 2.3 at 400 and 500 uC,
respectively.
The in-depth composition was analysed by SIMS (Fig. 4).
Irrespective of the synthesis conditions, carbon presence (signal
not reported) was limited to the first 20 nm, confirming the
purity of the obtained systems. The parallel trend of Fe and O
ionic yields suggested a common chemical origin for these
Fig. 1 XRD patterns of Fe2O3 systems supported on polycrystalline
alumina, synthesized at 400 and 500 uC. b-Fe2O3 and Al2O3 peaks are
indicated by dashed lines and stars, respectively.
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elements, without any evident segregation phenomenon.
Nevertheless, the in-depth distribution of metal-containing NPs
was directly affected by both the metal type and the growth
temperature of the pristine Fe2O3 system.
Regarding Ag-containing samples, at 400 uC a rather
homogeneous silver penetration up to the substrate interface
was observed (Fig. 4a), similarly to the case of Ag-ZnO
nanostructures obtained by a similar preparative approach.7
Conversely, for the Ag/b-Fe2O3 at 500 uC (Fig. 4c), silver ionic
yield in the first 200 nm (close to 160 s) could be described by an
erfc profile, such as in thermal diffusion processes.49 As can be
observed, its intensity progressively decreased with the sputtering
time and was subsequently followed by a plateaux. Silver
presence was more confined in the outermost region, in
agreement with FE-SEM results. In the case of Pt/b-Fe2O3
nanosystems, irrespective of the adopted temperature, SIMS
depth profiles (Fig. 4b and 4d) evidenced a platinum segregation
in the external system region.
Fig. 2 Representative plane-view (left) and cross-sectional (right) FE-SEM images for Ag/b-Fe2O3 and Pt/b-Fe2O3 nanoarchitectures.
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The obtained nanoarchitectures were preliminary tested as gas
sensors for the detection of various analytes, including oxidizing
(nitrogen dioxide, ozone) and reducing (hydrogen, ethanol,
acetone, carbon monoxide, methane), at temperatures ranging
from 100 to 400 uC. Preliminary tests evidenced that the
introduction of metal NPs resulted in a systematic enhancement
of the sensor response with respect to bare b-Fe2O3 (see Fig.
S2{), highlighting thus the beneficial role of Ag or Pt
introduction in view of possible sensing applications, as
discussed in detail below. As a consequence, in this work the
main attention was devoted to the study of metal-doped iron
oxide nanomaterials.
Initial screening experiments also revealed a higher activity of
samples synthesized at 400 uC with respect to the homologous
ones fabricated at 500 uC. This phenomenon could be attributed
to the lower Fe2O3 nanocrystal dimensions for the former
systems, corresponding to a higher surface-to-volume ratio. As a
consequence, in the following the gas sensing performances of
the more active specimens, Pt and Ag/b-Fe2O3 grown at 400 uC,
will be discussed in detail.
As a matter of fact, appreciable responses (¢0.1) were
recorded only for the detection of hydrogen, ethanol, and
acetone, suggesting a good selectivity of the present systems, a
key point in view of practical applications.6,7,28,38 The insensi-
tivity to CO and CH4 is in line with previous reports on both
pure and doped a- and c-Fe2O3 nanoparticles.
4,18,20,30,33
Fig. 5 displays representative isothermal response curves for
selected Pt and Ag/b-Fe2O3 nanomaterials. Irrespective of the
metal nature, response variations were proportional to the
corresponding gas concentrations, enabling to exclude appreci-
able saturation effects, at variance with previous results on Pt/
a-Fe2O3.
8 The fast conductance modulation at the beginning of
gas injection, followed by a slower increase up to the end of the
pulse, indicated that the rate-limiting step of the process was the
analyte chemisorption on the sensor surface.41 Typical response
and recovery time values were from 2 to 5 min, and higher than
10 min, respectively. Further optimization of such values is a
crucial issue to be properly addressed in future studies.
In general, a conductance enhancement upon exposure to
reducing species was observed, a behavior typical for n-type
semiconductors.7,41 In this case, initial oxygen chemisorption
occurs by capturing electrons from the material, resulting in a
surface depletion region.4,19–21,29,30,32,33 Subsequently, the ana-
lytes react with chemisorbed oxygen species, with a consequent
electron release and an increase of material conductance.7,24,28,45
In order to gain further information on the sensor behavior,
Fig. 6 summarizes the responses to hydrogen, ethanol and
acetone as a function of the adopted working temperatures. For
all analytes, Pt/b-Fe2O3 nanosystem responses showed a max-
imum-like behavior, the best operating temperature being 300
uC, in line with previous reports.38 As concerns Ag/b-Fe2O3
sensors, the response values underwent a progressive enhance-
ment upon increasing the operating temperature, yielding the
best results between 300 and 400 uC.26,41,45 In addition, the use of
Ag/b-Fe2O3 yielded significantly higher responses to hydrogen
and ethanol at 400 uC, indicating a change in the selectivity
pattern with respect to Pt/b-Fe2O3.
The best responses obtained in the present study to H2, at
300 uC, and to CH3CH2OH and CH3COCH3, at 400 uC,
compared favorably to those reported for Fe2O3 nanosystems,
especially concerning hydrogen, to which most of the tested
systems were not sensitive.1,11,14,18,20,22–27,31,32 This observation
highlights the beneficial influence on sensing performances of
silver and platinum nanoparticles, thanks to their synergistic
interactions with iron(III) oxide, that play an important role in
improving the material chemical properties.1,3,4,8
In particular, the favourable influence of Pt NPs on the system
sensing behavior can be attributed to the so-called spillover
effect. Pt nanoaggregates can in fact supply active sites for the
chemisorption of both oxygen and analyte molecules, that
subsequently spill over onto the surface of the iron oxide
matrix.33 On the other hand, both Pt and Ag NPs directly
promote electron exchange between the material and the test
gases, favourably affecting sensing responses.4,17,30 A further
synergistic contribution can be related to an improved charge
carrier separation at the Ag and Pt/b-Fe2O3 interfaces.
7,17 In this
regard, a significant advantage is offered by the intimate metal/
Fe2O3 contact evidenced by both morphological and composi-
tional analyses (see above), producing a good intergranular
Fig. 3 Representative XPS survey spectra for: (a) Ag/b-Fe2O3 and (b)
Pt/b-Fe2O3 systems grown at 400 uC. Surface Fe2p (c), O1s (d), Ag3d (e)
and Pt4f (f) photoelectron peaks for the same specimens.
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coupling. Last but not least, for silver-containing specimens,
calculation of the Auger parameters pointed out the co-presence
of Ag(0) and Ag(I). The resulting p–n junctions corresponding to
Ag2O–Fe2O3 interfaces, along with the catalytic activity of Ag(I)
species in oxidation reactions, might also be responsible for the
performance improvement produced by silver NPs.7,35 These
effects related to oxidized silver presence, absent in the case of Pt,
could account for the fact that, especially at 400 uC, the recorded
responses are higher for Ag/b-Fe2O3 sensors.
It is also worth mentioning that previous studies even on Ag
and Pt-doped a-Fe2O3 systems reported a low/negligible
response to H2.
4,33 The higher responses with respect to
literature, in spite of the moderate working temperatures, used
in the present work, can be traced back to the peculiar nano-
organization of the present systems, resulting in a high surface-
to-volume ratio. The latter, in turn, has a favorable influence on
gas diffusion and mass transport, and results in an enhancement
of the measured sensitivity.3,14,19,20,23,27,28,32,45
In addition, detection limits were extrapolated at the optimal
working temperatures, yielding typical values of 7 and 8 ppm for
hydrogen and ethanol, respectively. These data, comparable with
those of our recent reports, or even better in the case of
hydrogen,6 are promising for applications in breath analyzers
and human/industrial safety.
4. Conclusions
In summary, the present work has reported on the vapor-phase
synthesis of Pt/b-Fe2O3 and Ag/b-Fe2O3 nanosystems by means
of a two-step CVD/RF-sputtering approach. In particular, the
CVD of b-Fe2O3 on polycrystalline Al2O3 was followed by silver
and platinum NP functionalization through sputtering under
mild conditions. The obtained high purity systems were
Fig. 4 SIMS depth profiles for: (a) Ag/b-Fe2O3 (400 uC); (b) Pt/b-Fe2O3 (400 uC); (c) Ag/b-Fe2O3 (500 uC); (d) Pt/b-Fe2O3 (500 uC).
Fig. 5 Dynamic response curves to hydrogen and ethanol square
concentration pulses for Ag/b-Fe2O3 and Pt/b-Fe2O3 specimens grown
at 400 uC. Working T = 300 uC.
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characterized by the presence of b-Fe2O3 pyramids producing a
conformal coverage of the underlying alumina grains. The
deposition of Ag or Pt NPs yielded a good dispersion of metal
particles into the oxide matrices, with morphological features
dependent on the synthesis conditions. Whereas in the case of
platinum pure Pt(0) was obtained, a partial oxidation of Ag(0) to
Ag(I) was observed. The system high surface-to-volume ratio,
along with the intimate metal/oxide contact, were responsible for
the interesting responses and detection limits in the gas sensing of
hydrogen, ethanol and acetone. Further perspectives for the
development of this work will concern detailed studies on the
sensor behaviour as a function of growth temperatures (400 vs.
500 uC) and gas concentration. Other important issues to be
addressed will concern the improvement of sensitivity, baseline
stability and recovery times in view of eventual technological
uses. In addition, attention will also be devoted to applications
of the present nanomaterials as anodes in Li-ion batteries and as
photocatalysts for hydrogen production activated by solar
illumination.
Acknowledgements
The research leading to these results has received funding from
the European Community’s Seventh Framework Program (FP7/
2007-2013; grant agreement nu ENHANCE-238409). Padova
University Ex-60% (nu 60A03–5517/12) and PRAT 2010
(nuCPDA102579) projects provided further financial support.
Thanks are also due to Mr. A. Ravazzolo (CNR-ISTM, Padova
University, Italy), for technical assistance.
References
1 J. Zhang, X. Liu, X. Guo, S. Wu and S. Wang, Chem. Eur. J., 2010,
16, 8108–8116.
2 Y. Chen, K. Zhang, Y. Min, Y. Zhang and R. Zhang, Mater. Chem.
Phys., 2010, 123, 378–384.
3 X. Gou, G. Wang, J. Yang, J. Park and D. Wexler, J. Mater. Chem.,
2008, 18, 965–969.
4 Y. Wang, J. Cao, F. Kong, H. Xia, J. Zhang, B. Zhu, S. Wang and S.
Wu, Sens. Actuators, B, 2008, 131, 183–189.
5 D. Barreca, A. Gasparotto and E. Tondello, J. Mater. Chem., 2011,
21, 1648–1654.
6 D. Barreca, G. Carraro, E. Comini, A. Gasparotto, C. Maccato, C.
Sada, G. Sberveglieri and E. Tondello, J. Phys. Chem. C, 2011, 115,
10510–10517.
7 Q. Simon, D. Barreca, A. Gasparotto, C. Maccato, E. Tondello, C.
Sada, E. Comini, A. Devi and R. A. Fischer, Nanotechnology, 2012,
23, 025502.
8 I.-S. Lim, G.-E. Jang, C. K. Kim and D.-H. Yoon, Sens. Actuators,
B, 2001, 77, 215–220.
9 P. Tartaj, M. P. Morales, T. Gonzalez-Carren˜o, S. Veintemillas-
Verdaguer and C. J. Serna, Adv. Mater., 2011, 23, 5243–5249.
10 H. Hong, L. Hu, M. Li, J. Zheng, X. Sun, X. Lu, X. Cao, J. Lu and
H. Gu, Chem. Eur. J., 2011, 17, 8726–8730.
11 S. Xiong, J. Xu, D. Chen, R. Wang, X. Hu, G. Shen and Z. L. Wang,
CrystEngComm, 2011, 13, 7114–7120.
12 Q. Hao, S. Liu, X. Yin, Z. Du, M. Zhang, L. Li, Y. Wang, T. Wang
and Q. Li, CrystEngComm, 2011, 13, 806–812.
13 Z. Jing, Mater. Sci. Eng., B, 2006, 133, 213–217.
14 X. Li, W. Wei, S. Wang, L. Kuai and B. Geng, Nanoscale, 2011, 3,
718–724.
15 L. Liu, F. Zhou, L. Wang, X. Qi, F. Shi and Y. Deng, J. Catal., 2010,
274, 1–10.
16 C. V. G. Reddy, K. K. Seela and S. V. Manorama, Int. J. Inorg.
Mater., 2000, 2, 301–307.
17 B. Ramesh Chandra, Sens. Actuators, B, 2011, 157, 183–188.
18 Z. Jing and S. Wu, Mater. Lett., 2006, 60, 952–956.
19 H. Chen, Y. Zhao, M. Yang, J. He, P. K. Chu, J. Zhang and S. Wu,
Anal. Chim. Acta, 2010, 659, 266–273.
20 W. Zheng, Z. Li, H. Zhang, W. Wang, Y. Wang and C. Wang,
Mater. Res. Bull., 2009, 44, 1432–1436.
21 H. Liu, T. Peng, G. Ma, H. Sun and H. Hu, Appl. Surf. Sci., 2012,
258, 4866–4870.
22 E. Rezlescu, C. Doroftei, N. Rezlescu and P. D. Popa, Phys. Status
Solidi A, 2008, 205, 1790–1793.
23 J. Chen, L. Xu, W. Li and X. Gou, Adv. Mater., 2005, 17, 582–586.
Fig. 6 Responses of Ag/b-Fe2O3 and Pt/b-Fe2O3 samples at different
working temperatures to: (a) H2, 5000 ppm; (b) CH3CH2OH, 500 ppm;
(c) CH3COCH3, 100 ppm.
This journal is  The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 6469–6476 | 6475
4.4 Synthesis, characterization and gas sensing properties of M/q-Fe2O3
nanocomposites (M = Ag, Au, Pt; q = , β) 183
24 N. D. Cuong, T. T. Hoa, D. Q. Khieu, T. D. Lam, N. D. Hoa and N.
Van Hieu, J. Alloys Compd., 2012, 523, 120–126.
25 S. Wang, L. Wang, T. Yang, X. Liu, J. Zhang, B. Zhu, S. Zhang, W.
Huang and S. Wu, J. Solid State Chem., 2010, 183, 2869–2876.
26 Y. Liu, W. Zhu, O. K. Tan and Y. Shen, Mater. Sci. Eng., B, 1997,
47, 171–176.
27 L. Wang, T. Fei, Z. Lou and T. Zhang, ACS Appl. Mater. Interfaces,
2011, 3, 4689–4694.
28 P. Sun, L. You, D. Wang, Y. Sun, J. Ma and G. Lu, Sens. Actuators,
B, 2011, 156, 368–374.
29 D. Patil, V. Patil and P. Patil, Sens. Actuators, B, 2011, 152, 299–306.
30 Y. Wang, F. Kong, B. Zhu, S. Wang, S. Wu and W. Huang, Mater.
Sci. Eng., B, 2007, 140, 98–102.
31 J. Ming, Y. Wu, L. Wang, Y. Yu and F. Zhao, J. Mater. Chem.,
2011, 21, 17776–17782.
32 H.-J. Song, X.-H. Jia, H. Qi, X.-F. Yang, H. Tang and C.-Y. Min, J.
Mater. Chem., 2012, 22, 3508–3516.
33 Y. Wang, S. Wang, Y. Zhao, B. Zhu, F. Kong, D. Wang, S. Wu, W.
Huang and S. Zhang, Sens. Actuators, B, 2007, 125, 79–84.
34 H.-T. Sun, C. Cantalini, M. Faccio and M. Pelino, Thin Solid Films,
1995, 269, 97–101.
35 L. Armelao, D. Barreca, G. Bottaro, A. Gasparotto, C. Maccato, E.
Tondello, O. I. Lebedev, S. Turner, G. Van Tendeloo, C. Sada and U.
Lavrencˇicˇ Sˇtangar, ChemPhysChem, 2009, 10, 3249–3259.
36 D. Barreca, G. Carraro, A. Devi, E. Fois, A. Gasparotto, R. Seraglia,
C. Maccato, C. Sada, G. Tabacchi, E. Tondello, A. Venzo and M.
Winter, Dalton Trans., 2012, 41, 149–155.
37 M. Rahman, A. Jamal, S. Khan and M. Faisal, J. Nanopart. Res.,
2011, 13, 3789–3799.
38 D. Barreca, E. Comini, A. Gasparotto, C. Maccato, A. Pozza, C.
Sada, G. Sberveglieri and E. Tondello, J. Nanosci. Nanotechnol.,
2010, 10, 8054–8061.
39 D. Barreca, A. Gasparotto, C. Maragno, E. Tondello, E. Bontempi,
L. E. Depero and C. Sada, Chem. Vap. Deposition, 2005, 11,
426–432.
40 D. Barreca, G. Carraro, A. Gasparotto, C. Maccato, R. Seraglia and
G. Tabacchi, Inorg. Chim. Acta, 2012, 380, 161–166.
41 Q. Simon, D. Barreca, A. Gasparotto, C. Maccato, E. Tondello, C.
Sada, E. Comini, G. Sberveglieri, M. Banerjee, K. Xu, A. Devi and
R. A. Fischer, ChemPhysChem, 2012, 13, 2342–2348.
42 D. Briggs and M. P. Seah, Practical Surface Analysis: Auger and
X-ray Photoelectron Spectroscopy, John Wiley & Sons: New York,
2nd ed., 1990.
43 Q. Simon, D. Barreca and A. Gasparotto, Surf. Sci. Spectra, 2011,
18, 19–28.
44 D. Barreca, A. Gasparotto, C. Maccato, C. Maragno, E. Tondello, E.
Comini and G. Sberveglieri, Nanotechnology, 2007, 18, 125502.
45 D. Barreca, E. Comini, A. P. Ferrucci, A. Gasparotto, C. Maccato,
C. Maragno, G. Sberveglieri and E. Tondello, Chem. Mater., 2007,
19, 5642–5649.
46 Pattern Nu 039-0238, JCPDS, 2000.
47 D. Barreca, G. A. Battiston, D. Berto, R. Gerbasi and E. Tondello,
Surf. Sci. Spectra, 2001, 8, 240–245.
48 J. F. Moulder, W. F. Stickle, P. W. Sobol and K. D. Bomben,
Handbook of X-ray Photoelectron Spectroscopy, Perkin-Elmer
Corporation, Eden Prairie, MN, 1992.
49 C. Sada, N. Argiolas, M. Bazzan and P. Mazzoldi, Phys. Rev. B:
Condens. Matter, 2004, 69, 144120.
6476 | CrystEngComm, 2012, 14, 6469–6476 This journal is  The Royal Society of Chemistry 2012
184 Fe2O3-based nanocomposites by hybrid vapor-phase synthetic strategies
 1 
Electronic Supplementary Information 
 
for: 
Controlled synthesis and properties of -Fe2O3 nanosystems functionalized 
with Ag or Pt nanoparticles 
 
Giorgio Carraro,
a
 Davide Barreca,*
b
 Elisabetta Comini,
c
 Alberto Gasparotto,
a
 Chiara 
Maccato,
a
 Cinzia Sada
d
 and Giorgio Sberveglieri
c
 
 
a
 Department of Chemistry - Padova University and INSTM - 35131 Padova, Italy. 
b
 CNR-ISTM and INSTM - Department of Chemistry - Padova University - 35131 Padova, Italy. 
Fax: + 39 049 8275161; Tel: + 39 049 8275170; E-mail: davide.barreca@unipd.it 
c
 SENSOR Lab - Department of Chemistry and Physics, Brescia University and CNR-IDASC - 
25133 Brescia, Italy. 
d
 Department of Physics and CNISM - Padova University, 35131 Padova, Italy. 
 
 
*Corresponding author: Tel: + 39 049 8275170; Fax: + 39 049 8275161; E-mail: 
davide.barreca@unipd.it  
 
  
 
Electronic Supplementary Material (ESI) for CrystEngComm
This journal is © The Royal Society of Chemistry 2012
4.4 Synthesis, characterization and gas sensing properties of M/q-Fe2O3
nanocomposites (M = Ag, Au, Pt; q = , β) 185
 2 
 
100 nm
100 nm
500 nm
400 nm
-Fe2O3 (400 C)
-Fe2O3 (500 C)
 
 
Figure S1. Representative plane-view (left) and cross-sectional (right) FE-SEM images for bare 
-Fe2O3 nanosystems synthesized at 400°C and 500°C. 
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Figure S2. Dynamic response curves (a) and response values (b) obtained upon exposure to 
ethanol concentration pulses for -Fe2O3, Ag/-Fe2O3 and Pt/-Fe2O3 specimens grown at 400°C. 
Working temperature = 300°C. 
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Accession #s: 01228, 01229
Technique: XPS
Host Material: #01228: Ag/Fe2O3;
#01229: Pt/Fe2O3
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Major Elements in Spectra: C, O,
Fe, Ag, Pt
Minor Elements in Spectra: none
Published Spectra: 11
Spectra in Electronic Record: 13
Spectral Category: comparison
Ag and Pt Particles Sputtered on b-Fe2O3:
An XPS Investigation
Giorgio Carraroa)
Padova University and INSTM, Department of Chemistry, Via Marzolo 1, 35131 Padova, Italy
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Alberto Gasparotto and Chiara Maccato
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(Received 17 January 2012; accepted 27 March 2012; published 29 August 2012)
Supported b-Fe2O3 systems were grown and functionalized with Ag or Pt nanoparticles (NPs)
adopting a two-step synthetic strategy. Iron oxide matrices (host) were initially deposited by
thermal Chemical Vapor Deposition (CVD) using Fe(hfa)2TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-
2,4-pentanedionate; TMEDA = N,N,N’,N’-tetramethylethylenediamine) as precursor, at a growth
temperature of 400 C and total pressure of 3.0 mbar. Subsequently, Ag or Pt (guest) were
deposited on b-Fe2O3 by means of Radio Frequency (RF)-sputtering under mild conditions
(Ar plasmas; total pressure = 0.3 mbar; substrate temperature = 60 C; RF-power = 5 W). A
thorough structural and morphological characterization performed on these systems highlighted the
dispersion of NPs over the host oxide. To this regard, x-ray Photoelectron and x-ray Excited Auger
Electron Spectroscopies (XPS and XE-AES) analyses provided valuable information on the system
chemical composition, with special focus on NPs surface interaction with iron(III) oxide matrices.
At variance with platinum, which retained its metallic state, an appreciable Ag surface oxidation
was observed, an important issue in view of possible functional applications in photocatalysis and
gas sensing.VC 2012 American Vacuum Society. [http://dx.doi.org/10.1116/11.20120101]
Keywords: iron oxide; platinum; silver; chemical vapor deposition; sputtering; x-ray photoelec-
tron spectroscopy; x-ray excited auger electron spectroscopy
PACS: 81.16.Pr, 81.65.Mq, 82.80.Pv, 79.60.Jv, 81.15.Cd, 81.15.Gh
INTRODUCTION
In the last decade, composite nanosystems based on metal par-
ticles (guests) dispersed on oxide matrices (hosts) have drawn a
great attention for the possibility of joining the properties of indi-
vidual components with the multi-functional behavior of low-
dimensional materials. In this context, a key issue is the study of
the host-guest mutual interactions, spanning from the formation of
p-n junctions to the occurrence of chemical reactions at metal-
oxide interfaces (Refs. 1, 2). Such a broad variety of situations
paves the way to the engineering of functional properties through
an appropriate control of the system features, which, in turn, can
be achieved thanks to suitable bottom-up preparation methods.
In this context, metal-Fe2O3 systems are extremely promising for
manifold technological utilizations, such as optics, magnetism,
biomedicine, catalysis and chemical sensing (Refs. 2–8). In the
course of our recent research activities, efforts have been devoted
to the selective synthesis of various iron(III) oxide polymorphs
and to the development of their composites with second- and
third-row d-block metal NPs. In particular, the scarcely reported
b-Fe2O3 polymorph was obtained by thermal CVD according to
our previous papers (Refs. 9, 10) and used as host matrix for the
subsequent dispersion of Ag or Pt NPs by RF-sputtering under
mild conditions. In the present work, a thorough XPS analysis
was performed to obtain detailed information on the surface
chemical characteristics and on the interplay between the system
constituents. Representative data on polycrystalline Al2O3-sup-
ported Ag/Fe2O3 and Pt/Fe2O3 specimens are reported and crit-
ically discussed. The attention was focused on O 1s, Fe 2p, Ag 3d,
Ag MVV and Pt 4f signals, employing a non-monochromated Al
Ka x-ray excitation source.
SPECIMEN DESCRIPTION (ACCESSION #01228, 1 OF 2)
Host Material: Ag/Fe2O3
CAS Registry #: unknown
Host Material Characteristics: homogeneous; solid; polycrystal-
line; semiconductor; composite; thin film
Chemical Name: silver - iron(III) oxide
Source: sample obtained by sequential CVD of Fe2O3,
RF-sputtering of Ag and ex-situ annealing
Host Composition: Fe, O, Ag
Form: supported nanosystem
Lot #: FeO34Ag
Structure: X-ray Diffraction (XRD) pattern (recorded by using
Cu Ka radiation, k = 1.5418 A˚) presented only the typical sig-
nals of cubic b-Fe2O3 phase (bixbyite). In particular, the peaks
located at 2h = 23.2, 33.0 and 38.4 could be assigned to the
(211), (222) and (400) reflections, respectively (Ref. 11). Noa)Author to whom correspondence should be addressed.
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preferential orientation or texturing effects were observed. Af-
ter silver deposition, no signals related to Ag-containing
phases or to mixed Ag-Fe-O ones could be detected. This phe-
nomenon was attributed to the high dispersion of Ag-
containing NPs into the iron oxide matrix and the relatively
mild synthetic conditions, preventing the formation of ternary
phases. Field Emission-Scanning Electron Microscopy (FE-
SEM) analyses and Energy Dispersive x-ray Spectroscopy
(EDXS) mapping evidenced the presence of silver globular
particles (average size = 10 nm) over pyramidal-like Fe2O3
aggregates (mean diameter = 250 nm). As a matter of fact, Ag
particles were well dispersed and did not completely cover the
underlying oxide matrix under the adopted experimental
conditions.
History & Significance: A cold-wall horizontal CVD apparatus
equipped with an external precursor reservoir was used for
deposition of iron oxide, using Fe(hfa)2TMEDA as molecular
source (Refs. 9, 10). The precursor was vaporised at 60 C and
transported to the growth region by means of an O2 flow [pu-
rity = 6.0; total flow rate = 40 standard cubic centimetres per
minute (sccm)]. Depositions were carried out for 1 h at 400 C
and a total pressure of 3.0 mbar on polycrystalline Al2O3 slides
(purity = 99.6%; thickness = 250 lm; average surface rough-
ness = 70 nm), subjected to a pre-cleaning procedure in order
to remove surface contaminations (Ref. 12). The temperature
of gas lines connecting the vaporizer and the reaction chamber
was set at 120 C in order to avoid detrimental condensation
phenomena.
Subsequently, silver particle deposition on iron oxide samples
was performed by a custom-built RF plasmochemical reactor
(13.56 MHz) using electronic grade Ar (purity = 5.0) as plasma
source. A silver target (BAL-TEC AG, 99.99%, 0.1 mm thick)
was fixed on the RF electrode, while the Al2O3-supported ox-
ide matrix was mounted on a second grounded electrode. The
substrate temperature was controlled by a thermocouple
inserted into the resistively heated sample holder. Silver sput-
tering was performed under the following experimental condi-
tions: substrate temperature = 60 C; RF-power = 5 W; total
pressure = 0.3 mbar; Ar flow rate = 10 sccm; deposition time =
90 min. Finally, ex-situ annealing was performed at 400 C in
air for 1 h.
As Received Condition: as grown
Analyzed Region: same as host material
Ex Situ Preparation/Mounting: Specimen mounted as received
with a metallic clip on a grounded sample holder and intro-
duced into the analysis chamber through a fast entry lock
system.
In Situ Preparation: none
Pre-Analysis Beam Exposure: The analyzed region was exposed
to x-ray irradiation for alignment for a period no longer than
5 min.
Charge Control: See Data Analysis Methods, Energy Scale
Correction
Temp. During Analysis: 298 K
Pressure During Analysis: <1  107 Pa
SPECIMEN DESCRIPTION (ACCESSION #01229, 2 OF 2)
Host Material: Pt/Fe2O3
Host Material Characteristics: homogeneous; solid; polycrystal-
line; semiconductor; composite; thin film
Chemical Name: platinum - iron(III) oxide
Source: sample obtained by sequential CVD of Fe2O3, RF-
sputtering of Pt and ex-situ annealing
Host Composition: Fe, O, Pt
Form: supported nanosystem
Lot #: FeO27Pt
Structure: The XRD pattern of the host Fe2O3 matrix (recorded
by using Cu Ka radiation, k = 1.5418 A˚) was similar to the
Ag/Fe2O3 sample, Accession #1228. After platinum deposi-
tion, no significant variation took place and no signals related
to crystalline platinum or to mixed phases could be observed,
as already discussed for the previous specimen. FE-SEM ana-
lyses and EDXS mapping evidenced the presence of low-sized
platinum nanoaggregates (average diameter = 5 nm) distri-
buted over Fe2O3 pyramids. No continuous metal coating on
the underlying oxide could be observed.
History & Significance: The Fe2O3 sample was synthesised fol-
lowing the same protocol of the previous specimen (see Acces-
sion #1228). Platinum sputtering (BAL-TEC AG target,
99.99%, 0.1 mm thick) was carried out using the above
described equipment, adopting the following conditions: sub-
strate temperature = 60 C; RF-power = 5 W; total pressure =
0.3 mbar; Ar flow rate = 10 sccm; deposition time = 30 min.
Finally, ex-situ annealing was performed at 400 C in air for 1 h.
As Received Condition: as grown
Analyzed Region: same as host material
Ex Situ Preparation/Mounting: Specimen mounted as received
with a metallic clip on a grounded sample holder and intro-
duced into the analysis chamber through a fast entry lock
system.
In Situ Preparation: none
Pre-Analysis Beam Exposure: The analyzed region was exposed
to x-ray irradiation for alignment for a period no longer than
5 min.
Charge Control: See Data Analysis Methods, Energy Scale
Correction
Temp. During Analysis: 298 K
Pressure During Analysis: <1  107 Pa
INSTRUMENT DESCRIPTION
Manufacturer and Model: Perkin-Elmer Physical Electronics,
Inc. 5600ci
Analyzer Type: spherical sector
Detector: multi-channel detector, part number 619103
Number of Detector Elements: 16
INSTRUMENT PARAMETERS COMMON TO ALL SPECTRA
 Spectrometer
Analyzer Mode: constant pass energy
2 Surface Science Spectra, Vol. 19, 2012 Ag/Fe2O3 and Pt/Fe2O3 by XPS
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Throughput (T=EN): N=0
Excitation Source Window: 1.5 lm Al window
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Beam Size: >25000 lm  >25000 lm
Signal Mode: multichannel direct
 Geometry
Incident Angle: 9
Source to Analyzer Angle: 53.8
Emission Angle: 45
Specimen Azimuthal Angle: 0
Acceptance Angle from Analyzer Axis: 0
Analyzer Angular Acceptance Width: 14  14
 Ion Gun
Manufacturer and Model: PHI 04-303A
Energy: 3000 eV
Current: 0.4 mA/cm2
Current Measurement Method: Faraday Cup
Sputtering Species: Ar+
Spot Size (unrastered): 250 lm
Raster Size: 2000 lm  2000 lm
Incident Angle: 40
Polar Angle: 45
Azimuthal Angle: 111
Comment: differentially pumped ion gun
DATA ANALYSIS METHOD
Energy Scale Correction: The reported BEs were corrected for
charging phenomena by assigning a BE of 284.8 eV to the ad-
ventitious C 1s signal (Ref. 20).
Recommended Energy Scale Shift: 5.5 eV for BE spectra,
Accession #s 1228-01 to 05, þ5.5 eV for KE spectra, Acces-
sion # 1228-06;
Peak Shape and Background Method: After a Shirley-type
background subtraction (Ref. 21), peak position and widths
were determined from a least-square fitting procedure.
Quantitation Method: The atomic concentrations were calculated
by using sensitivity factors taken from standard PHI V5.4A
software (Ref. 22). The peak areas were measured above an
integrated background.
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SPECTRAL FEATURES TABLE
Spectrum
ID #
Element/
Transition
Peak
Energy
(eV)
Peak
Width
FWHM
(eV)
Peak
Area
(eV-cts/s)
Sensitivity
Factor
Concentration
(at. %)
Peak
Assignment
01228-02 C 1s 284.8 2.1 16189 0.296 37.4 Adventitious surface contamination
01228-03a O 1s 529.8 2.1 18340 0.711 17.6 Lattice oxygen in iron(III) and
silver(I) oxides
01228-03a O 1s 531.8 2.5 27500 0.711 26.5 Adsorbed -OH groups
01228-04b Fe 2p   51989 2.957 12.0 Fe(III) in iron oxide
01228-04 Fe 2p3/2 711.3 3.6    Fe(III) in iron oxide
01228-04 Fe 2p1/2 724.7 4.1    Fe(III) in iron oxide
01228-05c Ag 3d   56605 5.987 6.5 Ag(I) in silver oxide
01228-05 Ag 3d5/2 368.3 1.8    Ag(I) in silver oxide
01228-05 Ag 3d3/2 374.3 1.8    Ag(I) in silver oxide
01228-06d Ag M5VV 351.0     
01228-06d Ag M4VV 356.4     
01229-02 C 1s 284.8 2.1 42587 0.296 34.8 Adventitious surface contamination
01229-03a O 1s 529.9 1.7 19291 0.711 6.5 Lattice oxygen in iron(III) oxide
01229-03a O 1s 531.9 2.3 118504 0.711 40.3 Adsorbed -OH groups/carbonates
01229-04b Fe 2p   45637 2.957 3.8 Fe(III) in iron oxide.
01229-04 Fe 2p3/2 711.4 4.1    Fe(III) in iron oxide
01229-04 Fe 2p1/2 724.8 6.3    Fe(III) in iron oxide
01229-05e Pt 4f   329253 5.575 14.6 Pt(0)
01229-05 Pt 4f7/2 71.4 1.5    Pt(0)
01229-05 Pt 4f5/2 74.7 1.9    Pt(0)
a The sensitivity factor is referred to the whole O 1s signal.
b The sensitivity factor, peak amplitude and concentration are referred to the whole Fe 2p signal.
c The sensitivity factor, peak amplitude and concentration are referred to the whole Ag 3d signal.
d Peak energy is given as kinetic energy (KE).
e The sensitivity factor, peak amplitude and concentration are referred to the whole Pt 4f signal.
Footnote to Spectrum 01228-01: The peaks for Fe 3d, 3p, and 3s have an almost exact overlap with Ag 4d, 4p, and 4s. For clarity, the peaks at 55
eV and at ca. 5 eV are labeled only for the Ag orbitals.
Footnote to Spectrum 01228-02: The C 1s peak was due to adventitious contamination (Refs. 13 and 14). The surface C 1s photoelectron signal
fell to noise level after 5 min Ar+ erosion, confirming thus that carbon presence could be attributed to atmospheric exposure and indicating a
good purity of the analysed specimen.
Footnote to Spectrum 01228-03: The O 1s surface peak showed a rather broad shape, indicating the presence of oxygen species in different chem-
ical environments. The signal could be decomposed by two contributions. The former, located at BE = 529.8 eV [Full Width at Half Maximum
(FWHM) = 2.1 eV, 40% of the total oxygen] was due to lattice oxygen in Ag2O and Fe2O3 (Refs. 13–16). The band located at 531.8 eV [FWHM
= 2.5 eV, 60% of the total oxygen] was attributed to surface adsorbed -OH groups (Refs. 13, 17).
Footnote to Spectrum 01228-04: The Fe 2p photoelectron peak was characterized by the presence of two well-separated spin-orbit components,
whose positions and spacing [BE(Fe 2p3/2) = 711.3 eV; BE(Fe 2p1/2) = 724.7 eV; BE difference = 13.4 eV] were typical for Fe(III) in Fe2O3
(Refs. 3, 7 and 14). The presence of well detectable surface iron signals was in line with the absence of a continuous Ag layer, as observed by
FE-SEM analyses (see Specimen Description, Structure).
Footnote to Spectrum 01228-05: The Ag 3d signal shape and position [BE(Ag 3d5/2) = 368.3 eV; BE(Ag 3d3/2) = 374.3 eV; spacing = 6.0 eV] did
not enable an unambiguous identification of the silver oxidation state. For more detailed information, the calculation of Ag Auger parameters
was performed. The obtained values [a1 = BE(Ag 3d5/2) + KE(Ag M5VV) = 719.3 eV; a2 = BE(Ag 3d5/2) + KE(Ag M4VV) = 724.7 eV] revealed
the occurrence of an appreciable silver oxidation (Refs. 13, 15, 16 and 18).
Footnote to Spectrum 01228-06: See comment to Accession #01228-05.
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Footnote to Spectrum 01229-02: The main C 1s component was assigned to adventitious carbon contamination, whereas the tail at higher BE
could be attributed to carbonates species (Refs. 13, 14). The surface C 1s photoelectron signal fell to noise level after 5 min Ar+ erosion, sug-
gesting thus that carbon presence was due to atmospheric exposure and indicating a good specimen purity.
Footnote to Spectrum 01229-03: Similarly to the results reported for the Ag/Fe2O3 sample (compare Accession #1228-03), the O 1s surface signal
was decomposed by two different bands, located at BE = 529.9 eV (FWHM = 1.7 eV, 14% of the total oxygen) and 531.9 eV (FWHM = 2.3 eV,
86% of the total oxygen). The former was due to lattice O in Fe2O3 (Ref. 14), whereas the latter was mainly ascribed to surface hydroxyl and
carbonate groups (Refs. 13, 14 and 17).
Footnote to Spectrum 01229-04: In analogy with the Ag/Fe2O3 sample (Accession #1228), the Fe 2p peak shape and position [BE(Fe 2p3/2) =
711.4 eV; BE(Fe 2p1/2) = 724.8 eV; BE difference = 13.4 eV] confirmed the formation of iron(III) oxide (Refs. 3, 7 and 14)]. Once again, the
incomplete coverage of the host matrix was in line with the absence of a continuous metal overlayer (see Specimen Description, Structure).
Footnote to Spectrum 01229-05: The BEs of Pt 4f7/2 (71.4 eV; FWHM = 1.5 eV) and Pt 4f5/2 (74.7 eV; FWHM = 1.9 eV) with a spacing between the
two components of 3.3 eV, confirmed the presence of metallic Pt. The high BE tail, due to unfilled electron levels above the metal Fermi energy
available for shake-up-type events following core electron emissions, further supported the presence of Pt(0) (Refs. 3, 7, 8, 13, 19 and 20). The
formation of platinum oxides in the films was ruled out, since the Pt 4f7/2 BE would be appreciably higher than the measured value (Ref. 17).
ANALYZER CALIBRATION TABLE
Spectrum
ID #
Element/
Transition
Peak
Energy (eV)
Peak
Width
FWHM (eV)
Peak
Area
(eV-cts/s)
Sensitivity
Factor
Concentration
(at. %)
Peak
Assignment
01230-01a Au 4f7/2 84.0 1.4 186403   Au(0)
01231-01a Cu 2p3/2 932.7 1.6 86973   Cu(0)
aThe peak was acquired after Ar+ erosion.
GUIDE TO FIGURES
Spectrum (Accession) # Spectral Region Voltage Shift* Multiplier Baseline Comment #
1228-01 survey 5.5 1
1228-02 C 1s 5.5 1
1228-03 O 1s 5.5 1
1228-04 Fe 2p 5.5 1
1228-05 Ag 3d 5.5 1
1228-06 Ag MVV 5.5 1
1229-01 survey 1.0 2
1229-02 C 1s 1.0 2
1229-03 O 1s 1.0 2
1229-04 Fe 2p 1.0 2
1229-05 Pt 4f 1.0 2
1230-01 [NP]** Au 4f7/2 0 3
1231-01 [NP] Cu 2p3/2 0 4
*Voltage shift of the archived (as-measured) spectrum relative to the printed figure. The figure reflects the recommended energy scale correction
due to a calibration correction, sample charging, flood gun, or other phenomenon.
** [NP] signifies not published; digital spectra are archived in SSS database but not reproduced in the printed journal.
1. Ag/Fe2O3
2. Pt/Fe2O3
3. Au calibration
4. Cu calibration
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Accession # 01228–01
Host Material Ag/Fe2O3
Technique XPS
Spectral Region survey
Instrument Perkin-Elmer Physical Electronics, Inc. 5600ci
Excitation Source Al Ka
Source Energy 1486.6 eV
Source Strength 200 W
Source Size >25 mm  >25 mm
Analyzer Type spherical sector
Incident Angle 9
Emission Angle 45
Analyzer Pass Energy: 187.85 eV
Analyzer Resolution 1.9 eV
Total Signal Accumulation Time 337.8 s
Total Elapsed Time 371.5 s
Number of Scans 10
Effective Detector Width 1.9 eV
Comment See footnote below the Spectral Features Table.
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n Accession #: 01228–02
n Host Material: Ag/Fe2O3
n Technique: XPS
n Spectral Region: C 1s
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time: 30.2 s
Total Elapsed Time: 33.2 s
Number of Scans: 3
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
n Accession #: 01228–03
n Host Material: Ag/Fe2O3
n Technique: XPS
n Spectral Region: O 1s
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time: 30.2 s
Total Elapsed Time: 33.2 s
Number of Scans: 3
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
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n Accession #: 01228–04
n Host Material: Ag/Fe2O3
n Technique: XPS
n Spectral Region: Fe 2p
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time:
180.4 s
Total Elapsed Time: 198.4 s
Number of Scans: 8
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
n Accession #: 01228–05
n Host Material: Ag/Fe2O3
n Technique: XPS
n Spectral Region: Ag 3d
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time: 30.2 s
Total Elapsed Time: 33.2 s
Number of Scans: 3
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
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n Accession #: 01228–06
n Host Material: Ag/Fe2O3
n Technique: XPS
n Spectral Region: AgMVV
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time: 70.4 s
Total Elapsed Time: 77.4 s
Number of Scans: 7
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
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Accession # 01229–01
Host Material Pt/Fe2O3
Technique XPS
Spectral Region survey
Instrument Perkin-Elmer Physical Electronics, Inc. 5600ci
Excitation Source Al Ka
Source Energy 1486.6 eV
Source Strength 200 W
Source Size >25 mm  >25 mm
Analyzer Type spherical sector
Incident Angle 9
Emission Angle 45
Analyzer Pass Energy: 187.85 eV
Analyzer Resolution 1.9 eV
Total Signal Accumulation Time 236.4 s
Total Elapsed Time 260.1 s
Number of Scans 7
Effective Detector Width 1.9 eV
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n Accession #: 01229–02
n Host Material: Pt/Fe2O3
n Technique: XPS
n Spectral Region: C 1s
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time: 90.5 s
Total Elapsed Time: 99.5 s
Number of Scans: 9
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
n Accession #: 01229–03
n Host Material: Pt/Fe2O3
n Technique: XPS
n Spectral Region: O 1s
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time: 90.5 s
Total Elapsed Time: 99.5 s
Number of Scans: 9
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
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n Accession #: 01229–04
n Host Material: Pt/Fe2O3
n Technique: XPS
n Spectral Region: Fe 2p
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time:
405.9 s
Total Elapsed Time: 446.5 s
Number of Scans: 18
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
n Accession #: 01229–05
n Host Material: Pt/Fe2O3
n Technique: XPS
n Spectral Region: Pt 4f
Instrument: Perkin-Elmer Physical
Electronics, Inc. 5600ci
Excitation Source: Al Ka
Source Energy: 1486.6 eV
Source Strength: 200 W
Source Size: >25 mm  >25 mm
Analyzer Type: spherical sector
Incident Angle: 9
Emission Angle: 45
Analyzer Pass Energy: 58.70 eV
Analyzer Resolution: 0.6 eV
Total Signal Accumulation Time: 90.5 s
Total Elapsed Time: 99.5 s
Number of Scans: 9
Effective Detector Width: 0.6 eV
Comment: See footnote below the
Spectral Features Table.
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4.5 Synthesis and light activated applications of sur-
face functionalized α and -Fe2O3 nanosystems
The functionalization of iron(III) oxide-based nanosystems by means of overlayers with
precisely controlled properties presents a high potential to improve material performances
for light-activated end-uses. In fact, beside the passivation of Fe2O3 surface trap states,
the precise engineering of the resulting interface can enable to tailor light absorption and
charge carrier transport phenomena suppressing the undesired recombination of photogen-
erated charge carriers.168–171 In addition, the growth of ad-hoc surface layers can result in
an improved corrosion resistance of the underlying iron oxide matrix, an important issue
in view of practical applications.169 Obviously, the achievements of such goals is possible
only provided that suitable synthetic processes are developed.58,138
On these basis, and starting from the successful results obtained in the synthesis of
iron(III) oxide supported nanosystems (see Chapter 2), in the present section a combined
CVD/ALD strategy for the fabrication of surface-functionalized iron oxide nanosystems
is reported. In particular, single-phase α- and -Fe2O3 nanodeposits were deposited on
Si(100), following the protocol developed in section 2.2 (see Table 2.1, deposition tem-
peratures = 400 and 500℃ for - and α-Fe2O3, respectively). Using these host matrices
as substrates, ALD experiments were subsequently carried out using Ti(OPri)4 (OPr
i =
isopropoxy) and H2O as precursors at 210℃ (see Appendix A.4). The choice of the ti-
tanium precursor was based on previous results on the ALD functionalization of α-Fe2O3
materials with ultrathin TixOy layers.
171
FE-SEM images demonstrated that Fe2O3 samples did not undergo any appreciable
change after functionalization, thanks to the high conformality of ALD process (see Ap-
pendix A.4), avoiding undesired morphological alteration on the iron(III) oxide matrices.
In order to attain a deeper insight into the structure of the ALD surface layer, a
detailed HR-TEM investigation was undertaken. The iron oxide nanostructures appeared
to be conformally covered by a thin crystalline layer (thickness < 10 nm), characterized
by a well-defined orientation and lattice structure, corresponding to the cubic inverse
spinel Fe3−xTixO4 (titanomagnetite).172 These findings suggested that α- and -Fe2O3
matrices underwent a solid state reaction during the ALD process, resulting in the ultimate
formation of a surface Fe-Ti-O overlayer.
Beside a detailed compositional, structural and morphological characterization, the
synthetized systems were also tested in photo-assisted applications, namely photo-induced
hydrophilicity (PH) and photocatalytic pollutant oxidation(PCO), (see Appendix C.3.4
and C.3.1), in view of their possible use in anti-fogging and self-cleaning devices.173 For
all specimens, a progressive contact angle (CA) decrease as a function of irradiation time
was observed, revealing the occurrence of a concomitant hydrophobic-to-hydrophilic con-
version. In particular, after 1 h, final water CA values were found to decrease in the
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order α-Fe2O3 ≥ α-Fe2O3-Ti > -Fe2O3 > -Fe2O3-Ti. The enhanced PH behaviour of
-Fe2O3-based specimens with respect to α-Fe2O3-based ones was related to -Fe2O3 rod-
like structures, characterized by a higher active area (see section 2.2). An increase in the
latter parameter was likely accompanied by a higher amount of oxygen vacancies/hydroxyl
groups, responsible for their enhanced wettability.174,175 Furthermore, ALD functional-
ization promoted an improved hydrophilic behaviour with respect to pure -Fe2O3, an
effect attributable to an increased charge carrier separation at the Fe3−xTixO4/Fe2O3
interface.168,170
The photocatalytic oxidation of terephthalic acid to hydroxyterephthalic acid was
chosen as a test reaction to evaluate the system PCO performances. In line with the
above results, the obtained data evidenced an improved PCO behaviour for -Fe2O3-
based specimens, with a further enhancement after ALD functionalization. Notably, the
observed performances were higher than the value reported under the same conditions for
commercial Pilkington ActivTM glass, evidencing the technological potential of the present
materials. The improvement of both PH and PCO performances upon titanomagnetite
deposition was related to an intimate Fe2O3/Fe3−xTixO4 interfacial contact, promoting
in an improved charge carrier separation and in the passivation of iron oxide surface trap
states.168,170
The present results highlight that the optimization of Fe2O3/Fe3−xTixO4 interactions
is a key tool to develop efficient nanomaterials for light-assisted applications, evidencing
also that the use of the scarcely studied -Fe2O3 polymorph can lead to superior perfor-
mances with respect to the case of the widely reported α-Fe2O3. The extension of the
proposed approach to other oxide hetero-nanostructures with controlled composition acts
as a pointer for future research directions not only in this area, but also in other related
technological applications, such as photovoltaics and light-emitting diodes.
Further details on the synthesis, characterization and functional properties of the
present nanocomposites are reported in the following article70 (reprinted with permission
from American Chemical Society).
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ABSTRACT: Nanostructured iron(III) oxide deposits are grown by chemical
vapor deposition (CVD) at 400−500 °C on Si(100) substrates from
Fe(hfa)2TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate; TMEDA =
N,N,N′,N′-tetramethylethylenediamine), yielding the selective formation of
α-Fe2O3 or the scarcely studied ε-Fe2O3 polymorphs under suitably optimized
preparative conditions. By using Ti(OPri)4 (OPr
i = iso-propoxy) and water as
atomic layer deposition (ALD) precursors, we subsequently functionalized
the obtained materials at moderate temperatures (<300 °C) by an ultrathin
titanomagnetite (Fe3−xTixO4) overlayer. An extensive multitechnique character-
ization, aimed at elucidating the system structure, morphology, composition and
optical properties, evidenced that the photoactivated hydrophilic and
photocatalytic behavior of the synthesized materials is dependent both on
iron oxide phase composition and ALD surface modification. The proposed
CVD/ALD hybrid synthetic approach candidates itself as a powerful tool for a
variety of applications where semiconductor-based nanoarchitectures can benefit from the coupling with an ad hoc surface layer.
KEYWORDS: chemical vapor deposition, atomic layer deposition, iron oxide, titanomagnetite, photoactivated properties
■ INTRODUCTION
Iron(III) oxide has recently attracted a great deal of attention for
its promising light-activated functional properties, coupled with
its large abundance and low toxicity.1,2 In particular, α-Fe2O3
(hematite, Eg = 2.1 eV), the most thermodynamically stable
Fe2O3 polymorph, has emerged as an efficient photocatalyst for
solar hydrogen production3−5 and as a promising electrode
material for dye-sensitized solar cells.2,6−8 Nevertheless, in spite
of the inherent hematite technological potential, its perform-
ances in light-assisted applications are hindered by the relatively
low absorption coefficient, poor charge carrier mobility and
reduced electron/hole (e−/h+) lifetime.9−11 Interestingly, such
drawbacks can be partially overcome by nanostructuring iron
oxide to enable an efficient light harvesting and minimize carrier
diffusion distances, suppressing thus detrimental recombination
losses.2,6,7,12−14 To achieve such goals, a promising alternative
strategy consists of iron oxide functionalization by a suitable
ultrathin surface layer. Beside passivating Fe2O3 surface trap
states, the precise engineering of the resulting heterointerface
provides in fact further degrees of freedom to tailor light
absorption and charge carrier transport phenomena.6,14,15 In
addition, the growth of an ad hoc surface layer is also expected to
offer improved corrosion protection to the underlying iron oxide
matrix, an important issue in view of practical applications.16
The high potential of surface modification in attaining improved
material performances has been recently demonstrated for α-
Fe2O3 and other semiconducting oxides such as TiO2 and Cu2O,
coated by an ultrathin layer of Al2O3, MgO, SiO2, and other
oxides.6,16−18 Notwithstanding the general applicability of this
approach, its exploitation relies on the precise control of the
surface overlayer features that, in turn, depend on the adopted
synthetic technique. In this context, ALD has been proved to
possess superior properties with respect to other preparation
routes because of its repeatability, perfect conformality and
nanometer-scale thickness control at low deposition temper-
atures.14,19−21 In particular, the latter feature is of great importance
to ensure surface functionalization of the target matrix preventing,
at the same time, undesired morphological alterations.
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Recently, Kronawitter et al. have reported on the ALD of an
ultrathin TixOy layer on α-Fe2O3,
22 evidencing the occurrence of
a remarkable structural and electronic interplay at the TixOy/
Fe2O3 interface. Such materials have been recently proposed for
applications in various technological fields, from water photo-
electrolysis to gas sensing and dye-sensitized solar cells.13,18,23,24
Starting from these results and basing on our recent studies on
the selective CVD growth of various Fe2O3 polymorphs,
1,25,26 in
the present work we report on the unique features of a combined
CVD/ALD strategy for the fabrication of surface-functionalized
α- and ε-Fe2O3 nanodeposits with tailored properties. In
particular, our attention is focused on the photoinduced
hydrophilicity (PH) and photocatalytic (PC) activity of such
systems in view of antifogging and self-cleaning applications.
Though these two processes are based on different phenom-
ena,27 their common feature is the photoassisted generation of
e−/h+ pairs, whose subsequent fate significantly affects the overall
material performances. As a consequence, a detailed study of the
ALD layer role on the system behavior, and of its interplay with
the synthesis conditions, represents a key issue in understanding
the properties of functionalized α- and ε-Fe2O3 nanosystems.
The obtained performances open intriguing perspectives for the
use of combined ALD/CVD approaches in the fabrication of
next-generation materials for photoassisted applications.
■ EXPERIMENTAL SECTION
Synthesis. Fe(hfa)2TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-2,4-
pentanedionate; TMEDA = N,N,N′,N′-tetramethylethylenediamine)
was synthesized following a recently reported procedure25,26,28 and used
as CVD precursor for Fe2O3 deposition. CVD experiments were carried
out in an horizontal cold-wall reaction system equipped with an external
reservoir for precursor vaporization. Depositions were performed for
60 min on HF-etched p-type Si(100) substrates (MEMC, Merano, Italy,
10 mm × 10 mm × 1 mm), subjected to a previously reported cleaning
procedure.29 In a typical CVD process, precursor powders (weight =
0.3 g) were heated at 60 °C and transported toward the growth zone
through gas lines maintained at 120 °C. Water vapor was introduced in
the reaction chamber by means of an auxiliary line passing through an
H2O external reservoir kept at 50 °C. The selective deposition of
α-Fe2O3 was achieved at a growth temperature of 500 °C, total pressure
of 3.0 mbar and total O2 flow rate of 40 standard cubic centimeters per
minute (sccm). For ε-Fe2O3, the growth temperature, total pressure and
total O2 flow rate were set at 400 °C, 10.0 mbar, and 200 sccm,
respectively. Hereafter, as-deposited CVD samples will be labeled as α-
Fe2O3 and ε-Fe2O3.
Functionalization of α- and ε-Fe2O3 was performed by ALD using
Ti(OPri)4 (OPr
i = iso-propoxy) and water as precursors. Experiments
were carried out at the Brandenburg University of Technology (BTU) in
Cottbus, Germany, by a homemade ALD reactor described else-
where.30,31 After evacuating the reactor to a base pressure lower than 1×
10−8 mbar, iron oxide specimens were heated to 210 °C by a heating
plate within 15 min. ALD depositions consisted of 200 cycles of the
following pulsing sequence: 4 s Ti(OPri)4, 0.5 s N2 purge, 0.5 s H2O,
0.5 s N2 purge. In the following, ALD-functionalized samples will be
labeled as α-Fe2O3−Ti and ε-Fe2O3−Ti.
Characterization. High-resolution transmission electron micros-
copy (HR-TEM) and high angle annular dark field-scanning trans-
mission electron microscopy (HAADF-STEM) experiments were
carried out on a JEOL 2200FS field-emission microscope with in-
column Ω filter, operated at 200 kV. Specimens for plane-view and
cross-sectional observations were thinned by mechanically grinding and
polishing down to the thickness of approximately 20 μm, followed by
Ar+ milling up to electron transparency. Electron diffraction (ED)
measurements, adopted for structural studies, have been performed over
different sample regions in order to check phase homogeneity.
Field emission-scanning electron microscopy (FE-SEM) analyses
were carried out by means of a Zeiss SUPRA 40VP instrument, using a
primary beam acceleration voltage of 10 kV.
Synchrotron radiation photoemission spectroscopy (SR-PES)
characterization was carried out at the U49/2-PGM2 beamline of the
BESSY−II synchrotron radiation facility within the Helmholtz-
Zentrum-Berlin. The base pressure of the photoemission chamber was
of the order of 5 × 10−10 mbar. X-ray photons were monochromatized
by a planar grating monochromator with a resolution of the order of
ΔE/E≈104 and focused by a refocusing mirror over a 0.5 × 1 mm2 area.
Photoelectrons were detected using a Specs Phoibos 150 analyzer with
an emission angle of 45°. For Fe2p signal acquisition, 1270 eV photons
Scheme 1. Graphical Representation of the Synthetic Approach Developed for the CVDGrowth of α-Fe2O3 and ε-Fe2O3 and Their
Subsequent ALD Functionalization
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were used in order to avoid the overlap with either TiLMM or OKVV
Auger features. For Ti2p peak acquisition, both 640 and 1100 eV
photons were used. Binding energies were corrected for charging effects
by assigning a position of 284.8 eV to the adventitious C1s photopeak.
Water contact angle (CA) experiments were performed at room
temperature using a horizontal microscope with a protractor eyepiece
[contact angle meter (CAM-100) from KSV Instruments, Ltd. Finland].
On each sample, measurements were repeated twice at different irradiation
times to obtain average water CA values. The mean uncertainty was
estimated to be ca. 8%. Zero-time angles were determined after the
specimens were stored in the dark for several days. Samples were
subsequently irradiated in a photochamber equipped with three UV lamps
(Philips CLEO 20 W, broad maximum at 355 nm). The average incident
irradiance was 23.3 W m−2 in the interval 300−400 nm.
PC activities were determined by monitoring the oxidation of
terephthalic acid (TPA) to hydroxyterephthalic acid (HTPA), as
previously reported.32 Briefly, a TPA-containing film was deposited on
the surface of each sample by dip-coating into a water/ethanol solution
of sodium terephtalate and hydroxyethylcellulose. Specimens were
subsequently UV-irradiated in a photochamber for fixed time intervals
under the same conditions adopted for water CA tests, and finally
washed with 0.25 mL of a 1:1 water/ethanol mixture per each cm2 of
coated surface.HTPAconcentration (average uncertainty ca.±1× 10−8M)
was finally determined by fluorimetry in a microplate reader Tecan Infinity
F200, using 320 and 430 nm as excitation and emission wavelengths,
respectively. To obtain the HTPA concentration at various illumination
stages, we repeated the above procedure with increasing irradiation times,
with the surface of the samples washed, dried, andUV-irradiated for 30min
between consecutive measurements. For each specimen, the measured
data points were then fitted according to the kinetic model described in
the Results and Discussion section. The mean uncertainty on the obtained
k1 values was estimated to be ca. 8%.
For photothermal beam deflection (PBD) measurements, the
transverse beam deflection technique in its skimming configuration
was used. Samples were illuminated by a He−Ne laser beam (MELLES
GRIOT,model 25-LHP-928−230; output power = 75mWat λ≈ 600 nm).
The beam, modulated by a Vis broadband acousto-optic amplitude
modulator (New Focus, model 4102-M) controlled by a high voltage
amplifier (New Focus, model 3211), was directed and focused on the
sample surface through an optical system (THORlabs). The generated
temperature field was detected by a second, low-power (2 mW, 633 nm)
He−Ne laser beam (Uniphase, Model 1103P). The intensity change of the
latter was measured by a quadrant photodiode (RBM- R. Braumann
GmbH, Model C30846E) connected to a lock-in amplifier (Stanford
research instruments,Model SR830DSP). All experiments were performed
in air at room temperature measuring the amplitude and phase dependence
of the photothermal deflection signal on the modulation frequency ( f) of
the temperature field. To determine the effective (including the whole
active layer) transport (Eg, τ) and surface (s,L) parameters, we least-squares
fitted the amplitude and phase of the experimental data as a function of f to
the theoretical curves.22 Further details are provided in the Supporting
Information.
■ RESULTS AND DISCUSSION
A sketch of the synthetic approach adopted for the fabrication of
bare and functionalized iron oxide nanostructures is reported in
Scheme 1.
Structure, Morphology, and Composition. Structural
analyses on as-deposited CVD samples showed that, depending
Figure 1. Cross-sectional HR-TEM image of the α-Fe2O3 lattice. Inset:
FFT, corresponding to hematite, zone axis ⟨2,1,0⟩. The white circle
marks the (006) spot.
Figure 2. Cross-sectional HR-TEM images of ε-Fe2O3 grains. Inset in (a): FFT taken on the central grain, zone axis ⟨1,0,0⟩. Inset in (b): FFT taken on
the right grain, zone axis ⟨0,1,0⟩. White circles mark the (002) spots.
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on the adopted synthesis conditions (see Experimental Section),
it was possible to selectively grow either the α-Fe2O3
(rhombohedral, space group: R3̅c, a = 5.03 Å, c = 13.74 Å)33
or ε-Fe2O3 phase (orthorhombic, space group: Pna21, a = 5.095 Å,
b = 8.789 Å, c = 9.437 Å).34 To this aim, Figure 1 reports a detail of
a typical cross-sectional HR-TEM image, along with the
corresponding fast Fourier transform (FFT), obtained on α-Fe2O3.
The correct symmetry and lattice parameters of the hematite
structure were confirmed, and no appreciable signals pertaining to
other phases were detected.
Figure 2 displays the HR-TEM images recorded in cross-
section on ε-Fe2O3 grains. The inspection of lattice fringes and
ED patterns (or FFTs as shown in the insets of Figure 2) proved
the presence of ε-Fe2O3 as the only detectable crystalline phase.
On the basis of the difficulty in stabilizing this polymorph,35 we
devoted particular attention to the analysis of the grain structure,
but only stacking defects (see the planar stacking faults on the left
and right grains in Figure 2b) without transition to other phases
were detected. It is also worthwhile observing that crystalline
grains were often aligned perpendicularly to the substrate surface
with a [001]ε // [001]Si preferential orientation.
The morphology of Fe2O3 specimens, both before and after
ALD functionalization, was investigated by FE-SEM. The bare α-
Fe2O3 sample (see Figure S1a, b in the Supporting Information)
was characterized by a bimodal distribution of pyramidal (lateral
size and length = 600 and 1000 nm, respectively) and globular
particles (lateral size and length = 300 and 600 nm, respectively),
whose agglomeration produced a relatively disordered material
topography. In a different way, ε-Fe2O3 (see Figure S1c, d in the
Supporting Information) exhibited a more uniform morphology
arising from the growth of rodlike structures perpendicular to the
substrate surface. The mean nanorods lateral size and length
corresponded to 80 and 350 nm, respectively, yielding an average
aspect ratio (length/lateral size) > 4. It can also be observed that
rods showed a cylindrical trunk (≈ 300 nm) and a sharper tip
(≈ 50 nm). The anisotropic growth of the observed columnar
structures can be associated to the [001] preferential orientation
revealed by TEM analyses.
Images a and b in Figure 3 show the surface texture of
α-Fe2O3−Ti and ε-Fe2O3−Ti, respectively. The comparison of
Figure S1 in the Supporting Information with Figure 3 evidenced
that the morphology of the bare Fe2O3 samples did not undergo
any appreciable change after ALD functionalization. This effect
could be traced back to the conformal coverage capability of the
ALD technique19,20 and to the use of relatively mild processing
conditions, preventing the occurrence of thermally induced
aggregation phenomena in the final systems.
To investigate the composition of the ALD layer and attempt a
surface coverage estimation of the underlying iron oxide matrix,
SR-PES analyses were carried out. Figure 4 displays the Fe2p and
Ti2p signals for the functionalized samples.
The Fe2p line shape and positions were similar for both
α-Fe2O3−Ti and ε-Fe2O3−Ti, and comparable with the typical
photoemission spectra measured on Fe2O3 samples.
1,36,37 The
small differences between the two curves in the 707−709 eV
range could be ascribed to differently coordinated Fe(III) centers
Figure 3. Plane-view FE-SEM micrographs for samples (a) α-Fe2O3−Ti and (b) ε-Fe2O3−Ti. Insets display higher-magnification images for the same
specimens.
Figure 4. Fe2p and Ti2p SR-PES spectra of α-Fe2O3−Ti (black) and ε-
Fe2O3−Ti (red), respectively. Both samples were measured under the
same experimental conditions (electron analyzer and beamline
parameters).
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in α-Fe2O3 and ε-Fe2O3.
38 Ti2p peaks closely resembled those
reported for titanium(IV) in an oxide environment.13,39
Furthermore, the Fe2p/Ti2p intensity ratio (≈ 1.7 for both
specimens) indicated that the ALD process resulted in a
comparable surface composition and a similar surface coverage
of Fe2O3 deposits.
In order to perform a detailed characterization of the ALD
surface layer, TEM investigation was undertaken. Cross-sectional
images of the α-Fe2O3−Ti sample displayed regularly shaped
grains (Figure 5a), conformally covered by a thin crystalline layer
(<10 nm, Figure 5b). The FFT analysis showed regular spots
belonging to the α-Fe2O3 phase, along with the occurrence of
Figure 5. Cross-sectional (a) HAADF-STEM micrograph and (b, d, e) HR-TEM images of the α-Fe2O3−Ti sample. Arrows indicate the growth
direction. Image (c) refers to the top of the FFT image in (b), which shows spots related to α-Fe2O3 in ⟨-4,-2,1⟩ zone axis and extra-spots (corresponding
to a lattice distance of≈0.25 nm) related to the surface overlayer. The yellow and red rectangles mark the areas selected for inverse FFT analysis. Images
obtained from the yellow and red selections are reported in (c), bottom left and right, respectively. The insets in (d) and (e) are the FFTs of the areas
marked by white squares in the corresponding HR-TEM images. They can be indexed to titanomagnetite in ⟨1,1,2⟩ and ⟨1,5,2⟩ zone axes, respectively.
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diffused extra-spots (see Figure 5c, enclosed in red and yellow
rectangles) related to the copresence of a different crystalline
lattice. When a mask was applied to the FFT around one of these
extraspots, the inverse FFT (left and right bottom images in
Figure 5c) selectively showed the outermost layer structure. For
the latter, HR-TEM analysis evidenced a mosaic texture, with
subregions characterized by a well-defined orientation and lattice
structure (Figures 5d, e).
Such a structure could not be related either to α-Fe2O3 or to
TiO2, in any of the rutile, brookite, and anatase polymorphs. This
finding suggested that the iron oxide matrix underwent a solid
state reaction during the ALD process, resulting in the ultimate
formation of a surface Fe−Ti−O overlayer. To this aim, the
comparison of experimental FFTs with various ternary structure
projections evidenced the occurrence of a cubic inverse spinel
Fe3−xTixO4 phase (titanomagnetite).
40 The Ti content in this phase
Figure 6. Plane-view (a) HAADF-STEM and (b) HR-TEM images of ε-Fe2O3−Ti. The inset in (b) is the FFT of the HR-TEM micrograph. Cross-
sectional (c) HAADF-STEM image and (d, e) HR-TEM images of ε-Fe2O3−Ti. The insets in (d) and (e) are the FFTs of the HR-TEM images, which
can be indexed to titanomagnetite in ⟨0,1,3⟩ and ⟨1,1,2⟩ zone axis, respectively.
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could not be accurately quantified neither from structural measure-
ments, because of the very small variations in lattice parameter with x
(<2% for x =1), nor fromTEMenergy-dispersiveX-ray spectroscopy
(EDXS), because of the very low signal-to-noise ratio.
Figure 6 displays the plane-view HAADF image (Figure 6a)
and the HR-TEM micrograph (Figure 6b) of the ε-Fe2O3−Ti
sample. As in the case of the α-Fe2O3−Ti specimen (see above),
TEM-EDXS investigation of titanium presence was attempted,
but the detected Ti signal was too weak to allow any spatial
mapping. As a consequence, a deeper analysis was performed in
cross-sectional geometry, investigating the phase composition of
irregularly shaped structures formed on the surface of ε-Fe2O3
(Figure 6c). Similarly to the previous specimen, well-defined
areas that could be indexed to the Fe3−xTixO4 titanomagnetite
phase along different projections (Figure 6d, e), could be
detected in the outermost sample region. Taken together, these
observations unequivocally confirmed that the ALD process
responsible for the ternary phase formation was limited to the
outermost sample layers for both α- and ε-Fe2O3 specimens.
Photoactivated Properties. On the basis of the above
results, particular attention was dedicated to the study of light-
assisted properties of Fe−Ti−O materials, that have been
scarcely investigated so far. To this regard, Figure 7 displays the
results of water CA measurements under UV irradiation. As can be
observed, irrespective of the Fe2O3 polymorph and ALD
functionalization, the initial values were comprised between 120
and 130°. This phenomenon, indicating an hydrophobic state, can
be traced back to the presence of aliphatic carbon species, because of
air exposure, in the outermost sample layers.27,41 Under UV
irradiation (Figure 7), a progressive CA decrease was observed for
all specimens, revealing the occurrence of a progressive hydro-
phobic-to-hydrophilic conversion as a function of time.
After 60 min, final water CA values were found to decrease in
the order α-Fe2O3 ≥ α-Fe2O3−Ti > ε-Fe2O3 > ε-Fe2O3−Ti.
Overall, these data suggest that ε-Fe2O3-based specimens show
an enhanced PH behavior with respect to the corresponding
α-Fe2O3-based ones. This effect is reasonably dependent on the
different morphological organization of the iron oxide matrices,
ε-Fe2O3 being characterized by a rodlike structure with a higher
active area (see also PBD data in the Supporting Information
section). An increase in the latter parameter likely results in a
larger surface roughness and an higher amount of oxygen
vacancies/hydroxyl groups, responsible for the enhanced
wettability observed upon irradiation.27,41−43 Additional con-
tributing phenomena are related to the different band gap and
lifetime values of photogenerated charge carriers. Interestingly,
ALD functionalization results in an improved hydrophilic
behavior, an effect attributable to an increased charge separation
at the Fe3−xTixO4/Fe2O3 interface, as further described below.
The self-cleaning properties of the synthesized samples were
evaluated by testing the PC oxidation of TPA to HTPA under
UV irradiation by assuming zero-order and pseudo-first-order
processes for HTPA formation and degradation, with rate constants
k1 and k2, respectively. Hence, the time dependence of HTPA
concentration could be described on the basis of eqs 1 and 2:32
= −d
dt
k k
[HTPA]
[HTPA]1 2 (1)
= − −k
k
e[HTPA] (1 )k t1
2
2
(2)
As an example, Figure 8 reports a representative [HTPA] vs.
irradiation time curve for α-Fe2O3 specimen. Starting from similar
data plots, the k1 values reported in the figure inset were obtained for
each sample. In line with water CA measurements, these data
evidenced improved PC performances for ε-Fe2O3 after ALD
functionalization. Notably, the k1 rate constant obtained in the
present work for the ε-Fe2O3−Ti sample was higher than the value
reported under the same conditions for ZnO nanorods41 and
commercial Pilkington Activ glass,32 which showed k1 values of ca.
9.5 × 10−9 and 2.1 × 10−9 M min−1, respectively. Such results
highlight the inherent technological potential of the present
specimens for eventual self-cleaning applications. Overall, ε-
Fe2O3−Ti materials show attractive performances for both PH
and PC applications.
In an attempt to gain a deeper insight into the observed CA
and PC trends, PBD analyses (see the Supporting Information
section) were performed, obtaining the band gap and carrier
lifetime values collected in Table 1.
Compared to the bare iron oxide polymorphs, a slight increase
of both Eg and τ values took place after the ALD process. Such
effects were traced back to the conformal coverage of the Fe2O3
deposits by the Fe3‑xTixO4 phase. In particular, the intimate
Figure 7. Water contact angle as a function of UV irradiation time for
α-Fe2O3 or ε-Fe2O3 samples before and after ALD functionalization.
Figure 8. PC behavior of specimen α-Fe2O3: HTPA concentration as a
function of UV irradiation time. In the inset, k1 rate constant values are
provided for α- and ε-Fe2O3 samples before and after ALD
functionalization.
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Fe2O3/Fe3−xTixO4 interfacial contact likely resulted in an
improved charge carrier separation and passivation of iron
oxide surface trap states.6,14,22 As a consequence, both PH and PC
performances are enhanced upon titanomagnetite deposition.
■ CONCLUSIONS
The present work has introduced a joint ALD/CVD synthetic
strategy to develop a tailored surface functionalization of
supported Fe2O3 nanosystems. This goal is readily fulfilled by
the selective CVD deposition of α-Fe2O3 or ε-Fe2O3 under
suitably optimized conditions, followed by ALD using Ti(OPri)4
and water as precursors. A thorough material characterization
revealed the formation of an ultrathin titanomagnetite
(Fe3−xTixO4) layer uniformly covering the underlying iron
oxide deposits. The reported results highlight that the optimization
of Fe2O3/Fe3−xTixO4 interfacial interactions was the key tool to
develop efficient materials for light-assisted (e.g., antifogging, self-
cleaning) applications, as demonstrated by PH and PC properties.
In this regard, the use of systems based on the scarcely studied ε-
Fe2O3 polymorph enabled to achieve performances superior to
those containing the most conventional α-Fe2O3 one.
As a whole, this work demonstrates the possibility to obtain smart
nanomaterials through an advanced engineering of their surface
properties. It is reasonable that the above interfacial phenomena
could beneficially affect functional performances also in other
related technological applications, such as photovoltaics and light-
emitting diodes. To this aim, the extension of the proposed
approach to other oxide heteronanostructures with controlled
composition, structure, and morphology is currently under
investigation in our laboratories.
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Štangar, U.; Patil, S. R. Surf. Coat. Technol. 2009, 203, 2041−2045.
(28) Barreca, D.; Carraro, G.; Gasparotto, A.; Maccato, C.; Seraglia, R.;
Tabacchi, G. Inorg. Chim. Acta 2012, 380, 161−166.
(29) Barreca, D.; Gasparotto, A.; Maccato, C.; Tondello, E.; Lebedev,
O. I.; Van Tendeloo, G. Cryst. Growth Des. 2009, 9, 2470−2480.
(30) Tallarida, M.; Weisheit, M.; Kolanek, K.; Michling, M.;
Engelmann, H. J.; Schmeisser, D. J. Nanopart. Res. 2011, 13, 5975−5983.
Table 1. Band Gap (Eg) and Minority Carrier Lifetime (τ)
Values Obtained from PBD Experiments
sample Eg (eV) τ (ps)
α-Fe2O3 2.2 ± 0.1 6.4 ± 0.3
α-Fe2O3-Ti 2.5 ± 0.2 10.6 ± 0.4
ε-Fe2O3 2.0 ± 0.2 7.2 ± 0.3
ε-Fe2O3-Ti 2.2 ± 0.2 11.8 ± 0.4
ACS Applied Materials & Interfaces Research Article
dx.doi.org/10.1021/am401475g | ACS Appl. Mater. Interfaces 2013, 5, 7130−71387137
210 Fe2O3-based nanocomposites by hybrid vapor-phase synthetic strategies
(31) Tallarida, M.; Schmeisser, D. Semicond. Sci. Technol. 2012, 27,
074010-1−074010-9.
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1. FE-SEM analyses  
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Figure S1. Plane-view (top) and cross-sectional (bottom) FE-SEM micrographs for bare α-Fe2O3 
(a, b) and ε-Fe2O3 (c, d). 
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2. PBD analyses 
The PBD technique is based on the photothermal effect that occurs when thermal waves are 
generated due to the periodical heating of the sample surface by a modulated laser beam – the pump 
beam. As a result of radiationless processes (nonradiative intraband thermalization, nonradiative 
bulk and surface recombination), the temperature oscillations (temperature field, TF) are generated 
in the sample and in the fluid over it (Fig. S2). These oscillations are related to the thermo-optical 
parameters of the sample and are detected by another laser beam – the probe beam (PB).  
 
Figure S2. Geometry of the PBD experiment and related experimental set-up. 
In the present analysis, it was assumed that the absorption occurs throughout the deposit thickness 
(i.e., carriers are generated throughout the material), and the pump beam is much wider than the 
probe one, which means that the time-dependent component of TF [f(z,t)] is one-dimensional 
(1D): 
        .cosexp, fffff hzfΩthzfbtz        (S1) 
Here, bf is the amplitude of TF at the sample surface (SS), f the modulation frequency, f the gas 
thermal diffusivity, h the distance between PB axis and SS, and f the phase shift between SS 
temperature and pump beam. 
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As a matter of fact, bf and f contain information about the thermo-optical (such as band-gap energy 
Eg and carrier life time ) parameters of the sample (i = s) and/or backing (i = b).
1
 
The sample material absorbing the modulated excitation radiation heats the fluid around it changing 
its refractive index and producing refractive index gradients. Thus, the intensity of the PB passing 
through this medium is influenced by TF. This influence consists of the PB deflection (the change 
of its path) and the change of its phase. Deflection changes the divergence of the PB going through 
TF and further its amplitude:
2
 
     ,1 10 zaAzA             (S2) 
where A0 is the wave amplitude of undisturbed PB, whereas a1(z) is its correction resulting from PB 
interaction with the field of thermal wave.  
The PB phase change results from the change of its optical path in TF, caused by changes in the 
refraction index: 
1 = 1d + 1f            (S3) 
where:  
- ψ1d is the component arising from PB change of optical path resulting from the variation of its 
geometrical path caused by the deflection on temperature gradients; 
- ψ1f is the component resulting from PB phase change because of its optical path variation as a 
result of the fluid refractive index changes. 
For the 1D propagation of the thermal wave, the photothermal signal (PD), in case of its detection 
by the use of quadrant photodiode (QP), arises as a difference between the illumination of its upper 
and lower halves:
1
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Here Kd is the detector constant and I0g is the light intensity of unperturbed PB. Since PB interaction 
with TF results in the deflection and phase change of PB itself, the total PdS consists of two 
components: the deflective SPdSd = Ad cos(t + g + d) and the one arising from the phase change 
SPdSf = Af cos(t + g + f) (At, Ad, Af and φt, φd, φf denote respective amplitudes and additional 
phases of total signal and its components).  
The heat propagation in the sample and in the fluid over it is influenced by the sample surface 
roughness. Thus, basing on the knowledge of the behavior of PD signal from rough specimen, it is 
possible to determine its surface characteristics (its parameters s and L, Fig. S3). The surface texture 
determines the thermal wave propagation by shortening the thermal propagation length.
3
 
 
 
s 
L 
 
Figure S3. Definition of the sample surface roughness. 
  
PBD analyses on the bare iron oxide samples provided surface parameters (s and L) in agreement 
with SEM results. Indeed, while the amplitude of surface roughness was comparable for the two 
specimens (s = 0.158 ± 0.006 μm and 0.164 ± 0.006 μm for α- and ε-Fe2O3, respectively), the 
roughness periodicity of α-Fe2O3 (L = 1.84 ± 0.04 μm) was one order of magnitude higher than the 
ε one (L = 0.172 ± 0.004 μm). These results are consistent with the globular and rod-like 
morphology of the α and ε polymorphs, respectively, and suggest a higher surface area for the latter 
system. 
The thermo-optical parameters of the examined samples, that determine the TF, depend on their 
structural characteristics such as porosity, surface roughness, grain size, etc. influencing, in turn, the 
heat conduction in the material as well as its heat exchange with the surroundings. In other words, 
the sample structure determines the spatial distribution of heat sources in and around the sample due 
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to light absorption and radiationless deexcitation. It means that all variations in the sample structure 
are reflected in a change of its thermo-optical parameters and thus in the TF distribution. 
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Conclusions and perspectives
The science of today is the
technology of tomorrow.
Edward Teller
The present PhD thesis has been devoted to the design and fabrication of multi-
functional Fe2O3-based nanomaterials by means of innovative vapor phase techniques,
based on CVD, both thermal and plasma-assisted, sputtering, ALD and their original
coupling into hybrid routes. Particular efforts have been devoted to exploiting their in-
herent flexibility, degrees of freedom, and potential integration into multi-step fabrication
processes for the obtainment of tailored nanostructures with pre-designed features. The
used research approach has been focused on the entire material production chain, from the
molecular precursor up to the ultimate tests in view of eventual technological applications.
In particular, the adopted strategy has involved the following activities:
i) synthesis, chemico-physical characterization and CVD validation of a novel Fe(II)
precursor, endowed with improved properties with respect to the state-of-the-art
CVD iron compounds;
ii) fabrication of single-phase α-, β-, -Fe2O3 nanomaterials by thermal CVD;
iii) doping of Fe2O3 nanosystems by a one-pot PECVD strategy;
iv) development of metal/oxide (M/Fe2O3, with M = Pt, Ag, Au) and oxide/oxide
(CuO/Fe2O3, Fe3−xTixO4/Fe2O3) nanocomposites through the combination of CVD
with RF-sputtering/ALD processes.
The study of the interplay between system properties and processing conditions has
represented a successful tool for the development of both single-phase and composite ad-
vanced nanomaterials. To this regard, a relevant part of the experimental activity has
involved a multi-technique approach for the characterization of the system composition
(XPS/XE-AES, EDXS, SIMS, EELS), morphology and spatial organization (AFM, FE-
SEM), micro- and nano-structure (GIXRD, XRD2, TEM) and optical properties (optical
absorption and IR spectroscopies). Finally, in the framework of national and interna-
tional scientific cooperations, the functional performances of selected nanosystems were
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investigated in view of their possible use in energy and environmental-related applications
[magnetism, Li-ion batteries, gas sensing of flammable/toxic analytes, and photo-activated
applications (photo-induced hydrophilicity, photocatalytic pollutant decomposition, pho-
tocatalytic and photoelectrochemical hydrogen production)]. The most significant results
obtained during the research activity are briefly summarized in the following.
In the search for alternative iron oxide precursors possessing improved properties for
CVD applications, the attention has been devoted to the synthesis and characterization
of Fe(hfa)2TMEDA, a chelate Fe(II) coordination compound with the Fe(II) coordination
sphere completely saturated in a pseudo-octahedral geometry. The comprehensive charac-
terization of its structural, electronic, thermal and fragmentation properties pointed out
to its suitability for CVD use, thanks to Fe(hfa)2TMEDA high stability under vaporiza-
tion conditions, insensitivity to air and moisture and improved mass transport properties
in comparison with conventional Fe(II) and Fe(III) precursors.
The target Fe(hfa)2TMEDA precursor has been successfully used in a series of ther-
mal CVD growth experiments. In fact, the systematic optimization of the processing
conditions has enabled not only the synthesis of the α-Fe2O3 phase, the most abundant
and thermodynamically stable, but also of the metastable and scarcely studied β- and
-Fe2O3 polymorphs. Thanks to the inherent CVD flexibility, a careful choice of the syn-
thesis parameters has enabled a high control not only on the phase purity, but also on
the material nano-organization (ranging from compact deposits, to nanopyramidal ag-
gregates, to aligned nanorod arrays). This control has been of key importance to tailor
the functional behaviour of β- and -Fe2O3 nanomaterials in different technological fields.
In particular, the system magnetic properties were directly influenced by their morpho-
logical/structural features, and the obtained results might stimulate advancements for
technological applications like telecommunications, hard magnets, magnetoferroic and in-
formation storage devices. In addition, for the first time supported β-Fe2O3 nanosystems
have been tested as anodes for lithium batteries, exhibiting very promising performances
in terms of Li storage and rate capability.
As regards photo-activated applications, β-Fe2O3 nanosystems were preliminarily in-
vestigated in the photo-catalytic purification of water and air through two standard re-
actions, namely methylene blue and nitrogen dioxide degradation, yielding performances
favorably comparing to those previously reported for similar materials. Remarkably, β-
and -Fe2O3 displayed also an outstanding activity in solar hydrogen generation by pho-
toreforming of renewable oxygenates. The present approach holds a remarkable potential
even for the synthesis of added-value by-products and for the simultaneous wastewater
purification and energy generation.
The presence of fluorinated ligands in Fe(hfa)2TMEDA was exploited in synergy with
the unique chemical reactivity of non-equilibrium plasmas in order to fabricate F-doped
Fe2O3 nanomaterials. In fact, the generation of fluorine radicals in the used plasmas
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enabled to achieve a homogeneous and controllable fluorine doping of iron(III) oxide
nanosystems, with a dopant content tuneable as a function of the growth temperature.
The obtained systems comprised arrays of high aspect ratio nanostructures, with shapes
ranging from lamellar to rod-like according to the adopted processing parameters. The
possibility of fabricating iron oxide nanosystems with selected fluorine content and tailored
nanoscale organization opens intriguing perspectives for their use in various technological
fields, in particular in photo-assisted processes. To this regard, F-doped α-Fe2O3 materials
were tested as catalysts in the photoreforming of water/ethanol solutions under simulated
sunlight irradiation, resulting in remarkable H2 yields directly dependent on the peculiar
system nano-organization and fluorine loading. Under the same operating conditions, F-
doped β-Fe2O3 columnar arrays were also successfully fabricated by simply changing the
adopted substrate and tested as anodes in photoelectrochemical cells for water splitting
into O2 and H2. Photocurrent measurements, carried out for the first time on F-doped
β-Fe2O3 under simulated sunlight, evidenced a conductivity switch from n- to p-type
upon increasing F loading in the obtained nanomaterials. The collected data revealed
that a progressive substitution of oxygen by fluorine could modify electronic structure
and extend charge carrier lifetimes, making F-doped β-Fe2O3 an efficient water splitting
photocatalyst.
Beyond pure and anion-doped Fe2O3 polymorphs, considerable experimental efforts
have been dedicated to the fabrication of nanocomposite Fe2O3-based materials, the last
part of this PhD thesis. In this context, selected phase-pure CVD iron oxides have been
used as active substrates, adopting two different synthetic tools (RF-Sputtering or ALD)
for their subsequent functionalization. RF-Sputtering has been demonstrated to be a
powerful tool for the uniform and controlled dispersion of metal- (Ag, Pt, Au) or oxide-
based (CuO) nanoparticles (guests) onto highly porous Fe2O3 matrices (hosts), yielding
high purity host-guest nanocomposites with a tailored spatial distribution of components.
Au/-Fe2O3 and M/β-Fe2O3 (M = Pt,Ag) nanocomposites have been tested in the
molecular detection of toxic and flammable gases, resulting in activities strongly depen-
dent on NP nature and distribution. The fabricated sensors showed no appreciable satu-
ration phenomena and enabled to adopt moderate working temperatures, thanks to both
their high surface-to-volume ratio and to the intimate metal/oxide contact. Interestingly,
the iron(III) oxide crystal phase directly affected the gas sensor selectivity pattern. In
fact, whereas -Fe2O3-based nanomaterials were active in NO2 recognition, β-Fe2O3-based
homologues allowed the detection of reducing gases, in particular H2, CH3COCH3 and
CH3CH2OH. Further perspectives for the development of such studies will concern the im-
provement of the system sensitivity and response/recovery times. It is interesting to notice
that the introduction of metal-based guest particles was effective in improving the system
functional behavior not only in gas sensing, but also in photo-assisted hydrogen generation
under solar light irradiation. Overall, the beneficial effects of metal nanoparticles in these
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applications can be traced back to the concurrence of different factors, encompassing their
catalytic activity in the target reactions, an improved separation of charge carriers and
an enhanced Vis light absorption, due, in turn, to the SPR phenomenon.
Another part of the PhD work was devoted to the ALD functionalization of α and
-Fe2O3 nanostructure, with an ultrathin titanomagnetite (Fe3−xTixO4) conformal over-
layer. This innovative approach has proved to be an appealing option to enhance the activ-
ity of bare oxides in terms of photo-induced hydrophilicity and photocatalytic degradation
of solid pollutants. Beside a higher activity of -Fe2O3-based systems, the performance
enhancement promoted by titanomagnetite was related to an intimate Fe3−xTixO4/Fe2O3
interfacial contact, likely resulting in an improved charge carrier separation and in the
passivation of iron oxide surface trap states. Overall, these results pave the way to the
development of self-cleaning and anti-fogging nanosystems endowed with improved per-
formances if compared with the actual industrial benchmarks.
Taken together, the successful results presented in this PhD work show that iron(III)
oxide-based systems with selected crystal phase and tailored nano-organization can rep-
resent a valuable answer to meet open challenges in a number of high-tech applications.
In fact, the fabrication and engineering of multi-component iron oxide materials strongly
rely on the development of suitable preparation strategies enabling a fine control of their
features, and, in particular, of their structure-morphology interrelations and interface phe-
nomena. This work has demonstrated that appropriate combinations of CVD processes
with other vapour phase methods stand as good chances for the optimization of multi-
component nanosystems, and are amenable even in view of future up-scaling, a key issue
for implementation in real-world devices. On this basis, the extension of the proposed ap-
proaches to other metal oxide nanosystems and to hetero-nanostructures may represents
an attractive research area.
On the other hand, various fundamental and applicative challenges in the above fields
are still far from being fully satisfied. The development of the target nanosystems, up to
date based on ex-post phenomenological studies, and an ex-ante rational understanding
of their growth mechanisms as a function of the process parameters, has not yet been
completely fulfilled. In addition, the detailed study of particular features that strongly
affect the material functional behaviour, such as defects and interfacial charge carrier
transfer phenomena, is undoubtedly strongly requested.
The achievement of these targets involves the joint use of advanced characterization
methods and of theoretical modeling, which can yield unique information on the system
nucleation and growth dynamics. The understanding of the key concepts related to such
issues can be a powerful spyglass to attain a deeper knowledge of fundamental phenomena,
resulting in turn in remarkable advantages for the design and optimization of innovative
technological devices.
Appendix A
Vapor phase strategies for the
synthesis of advanced nanomaterials
A.1 Introduction
In the last decade, several synthetic methods have been proposed and developed for
the fabrication of advanced materials. In particular, in the case of nanostructured sys-
tems, small variations in the preparation parameters can significantly affect their chemico-
physical properties.32,58,153,176–178 In order to achieve a high control on the material
characteristics, both physical and chemical strategies have been used.32,179–181 Among
these, top-down approaches (etching, lithography, ion beam milling, . . .) achieve the nano-
organization by a progressive size reduction of a bulk material, often requiring harsh con-
ditions that prevent a high control on the system properties. In bottom-up routes, atomic
or molecular fragments are assembled to form bigger nano-aggregates by controlling their
spatial organization and chemical interactions.177 As a matter of fact, bottom-up meth-
ods can offer appealing advantages, not only for the possibility of achieving lower sizes
(<10 nm), but also for the use of non-equilibrium conditions, resulting in materials with
peculiar chemico-physical properties.57,71,176
In the framework of bottom-up approaches, chemical vapor deposition (CVD), that
has been widely used in this work, is a process whereby a material is synthesized starting
from molecular precursors in the gaseous phase by a chemical reaction (such as pyrolysis,
hydrolysis, oxidation, reduction, . . .). Since these reactions require to overcome an energy
barrier, an external input is necessary in order to drive the whole process. The three
main activation methods are: i) thermal-CVD, ii) photo assisted-CVD (PH-CVD) and
iii) plasma enhanced-CVD (PECVD).52,71
In the first case (see section A.2), the reaction is activated by the sole thermal energy,
heating the growth substrate at a selected temperature. This method represents the
simplest solution, since it allows to work with a variety of precursors by using relatively
simple equipments.58,64,65 On the other hand, this approach suffers from high temperature
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substrate/deposit intermixing and also thermal stresses, that might detrimentally affect
the final material characteristics. In addition, the use of thermally labile substrates (such
as polymers) is not possible, limiting the applicative area of the related synthesis. In
order to overcome these problems, other energy inputs can be provided to the substrate,
such as radiation (PH-CVD) or plasmas (PECVD) (see section A.3.1), minimizing the
required thermal supply.71
An alternative chemical route for the synthesis of uniform conformal layers is atomic
layer deposition (ALD), a process suitable for the controlled fabrication of conformal thin
layers by using vapor phase reactants (see section A.4).49,51,182
Regarding physical techniques, the sputtering of a solid material by cold plasma bom-
bardment is widely used as a source of vapor for material deposition thanks to the pos-
sibility of obtaining uniform systems with controlled features even on large areas at low
process temperatures (see section A.3.2).59,60,136
The present research project has involved the use of all the above mentioned synthetic
strategies, namely CVD, PECVD, ALD and radio frequency (RF)-sputtering. Remark-
ably, CVD and PECVD have been used for the fabrication of multi-functional pure and
doped iron oxide-based systems, whereas ALD and RF-sputtering process have been ex-
ploited for the subsequent deposition of other phases over CVD Fe2O3 matrices, producing
thus advanced nanocomposite materials.
The following sections report a brief presentation of each technique, along with the
description of the used experimental equipments.
A.2 Chemical vapor deposition
In the last decades, CVD has emerged as an efficient preparation method for the syn-
thesis of materials for different applications, such as electronics, optics, catalysis and gas
sensing.32,59,176,183 In this context, particular attention has been devoted to obtain oxides
with tailored nano-organization. Another well-established field regards the deposition
of passive layers (such as borides, carbides, nitrides, metals) preventing from wear and
corrosion of mechanical objects.184
In the “classical” thermal CVD, the reagents (typically, metalorganic precursors and
reactive gases) are vaporized, transported into the reaction chamber and thermally acti-
vated/decomposed on a hot substrate surface to produce the target material by chemical
reactions.71 The success of this technique is mainly due to its numerous degrees of freedom,
providing a flexibility hardly attainable with other preparation processes, and enabling a
controlled bottom-up growth of nanomaterials.58,153,184–186
In particular, CVD can provide several benefits with respect to other techniques,
among which the ability to produce a large variety of nanostructures with controlled
cristallinity, composition and morphology.184 Under suitably optimized conditions, CVD
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represents a powerful tool to fabricate materials with a high surface area, such as nanoplates
or nanorods.38,58,136,178 In addition, compared with common wet chemical approaches,
CVD methods are more favorable to attain higher purity, avoiding any eventual purifica-
tion step.
On the other hand, CVD presents some disadvantages mainly related to a careful con-
trol of deposition conditions, crucial for the process reproducibility, as well as to the cost
and availability of suitable starting compounds.65,184 In fact, the development of a CVD
process depends critically on the engineering of new molecular precursors with specific
features enabling a chemical tailoring of the system properties.61,62,64,65 In particular, a
selective bond breaking under optimized conditions can allow a programmed “bottom-up”
synthesis of the target nanosystems, using precursor molecules as “building blocks”.62,71
In general, an ideal CVD precursor should be characterized by high volatility and ther-
mal stability under the operating conditions, along with a clean decomposition process,
free from detrimental side reactions.63 Desirable features are also an easy and cost-effective
synthesis starting from inexpensive and readily available chemicals. In addition, a CVD
precursor needs to possess a long shelf-life even if stored under ordinary conditions, and
it should not undergo any decomposition at the vaporization temperature necessary to
achieve an adequate gas-phase transport.62
In the present research work, considerable efforts have been devoted to the CVD and
PECVD of Fe2O3-based nanostructures. Considering the several drawbacks affecting the
conventionally used iron molecular precursors (such as FeCl3, Fe(CO)5, iron β-diketonates,
. . .), a new flourinated second generation precursor for iron oxide nanosystems has been
prepared and used, namely the Fe(II) β-diketonate diamine complex Fe(hfa)2TMEDA (see
Chapter 1).64,65 Here, it is worth nothing that the introduction of fluorinated substituents
(hfa) effectively increases both the precursor volatility and the binding stability of the
amine ligand thanks to the enhanced Lewis acidity of the Fe(II) center.
and the stability of ancillary amine ligand binding via enhanced Lewis acidity.61,64,65
A key aspect in CVD process is also the choice of the growth substrate, that does not
only represent a passive support for the overlying deposit, but can also actively affect the
structure and morphology of the final system. In the case of functional materials, the
substrate has also to satisfy specific requirements dependent on the selected applications.
To this regard, in the present work, various substrates have been adopted. For growth
studies and some applications (such as photocatalysis and magnetism), Si(100) slides
have been used, thanks to their large availability and widespread technological utiliza-
tion. In addition, ITO slides have been selected for photoelectrochemical (PEC) anodes
exploiting their optical transparency and electrical conductivity;67 polycrystalline Al2O3
or thermally oxidized Si(100) substrates for gas sensor, due to their insulating features69
and polycrystalline Ti slides for Li-ion battery anodes thanks to their conductivity and
common use for such applications.40
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The properties of CVD-derived materials can be tailored by selecting suitable physical
(pressures, temperatures, flow rates, activation method) and chemical (precursor, reac-
tion atmosphere, substrate) parameters. Remarkably, since the process can be carried
out in conditions far from thermodynamic equilibrium, it is possible to fabricate nano-
materials characterized by a unique nano-organization, ranging from 3D structures to
isolated nanoparticles, and also to highly anisotropic structures.58 As a consequence, the
molecular level understanding and control of CVD processes is a key aspect of relevant
importance.
In general, a CVD process is composed by the following steps:57,71
1. precursor mass transport to the deposition zone;
2. precursor diffusion to the growth surface;
3. precursor reaction on the growth surface;
4. desorption of volatile byproducts;
5. mass transport of the byproducts away from the deposition zone;
6. formation of the target material through nucleation and growth processes.
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Figure A.1 – Schematic representation of a CVD process.
Between (1) and (2), parasitic gas-phase reactions can occur, producing the formation
of powders that might detrimentally affect the purity and homogeneity of the target
system. In order to minimize these effects, the use of low pressures can increase the mean
free-path of gaseous species, reducing intermolecolar collisions before reactions on the
substrate surface. After the heterogeneous chemical reactions (3), by-products have to be
desorbed and efficiently removed from the reaction chamber (4). The presence of reactive
gases can favor this process, promoting the formation of volatile species.71,187
Material preparation by CVD is initiated by exposing a substrate to the precursor in-
side the reactor. As a consequence, the material growth and microstructure is determined
by diffusion and nucleation processes on the growth surface, which, in turn, depend on
the substrate temperature, reactor pressure and gas-phase composition.
A.2 Chemical vapor deposition 225
Nucleation occurs on many different sites on the surface, and the adsorbed species then
diffuses and undergo coalescence phenomena forming the target material. CVD material
growth can be rationalized in terms of three main models (see Figure A.2).71,187
Figure A.2 – Sketch of the possible material growth modes typically occuring in CVD
processes: (a) “layer by layer”; (b) “layer plus island”; (c) “island”.
In three-dimensional “island” growth (Volmer-Weber), small clusters nucleate directly
on the substrate surface and subsequently grow into islands. These situation occurs when
interactions between the depositing species are stronger than those with the substrate.
This condition can be the starting point for the growth of highly anisotropic systems,
such as nanowires and nanorods.38,58 The opposite case corresponds to the “layer by
layer” (Franck-van der Merve) scheme, frequently resulting in an epitaxial growth. In ad-
dition, also intermediate situations can occur, resulting in a “layer plus island” (Stranski-
Krastanov) mode. This condition takes place only when material growth is initially driven
by the substrate, while subsequently is dominated by interactions of the depositing species
with the pre-existing ones.71
Being CVD a multi-step process, the understanding of the most important kinetic
aspects, and in particular of the rate determining steps, is of critical importance. The
rate of a CVD process is basically determined by three different factors:71,184
1. mass transport in the vapor phase;
2. diffusion of the vapors to the substrate surface;
3. reactions at the growth surface.
The growth temperature plays a crucial role in favoring one situation with respect to
the others, and this dependence is depicted in Figure A.3. At low temperatures (Figure
A.3, I), the process is limited by surface reactions and the reaction rate can be described
by an Arrhenius-like equation:71
growth rate = A exp
(
− Ea
RT
)
(A.1)
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Figure A.3 – Typical dependence of the growth rate as a function of the substrate tem-
perature in a CVD process.71
where T is the temperature and Ea the apparent activation energy for the reaction.
The growth rate is nearly independent of temperature in the intermediate regime
(T0 < T < Tc), where the mass transport into the reactor and/or gas phase diffusion
towards the growth surface control the growth rate (Figure A.3, II). Conversely, at high
temperatures (> Tc) the growth rate typically decreases, due to an enhanced precursor
desorption from the growth surface and a concentration depletion due to parasitic gas-
phase reactions (Figure A.3, III).71
A.2.1 Thermal CVD equipment
In this research project, a custom-made cold wall CVD (CW-CVD), working at low
pressure (LP-CVD) has been extensively used. A schematic 3D representation of the
experimental set-up is provided in Figure A.4.
In particular, two MKS flow-meters [(1) in Figure A.4] have been used for the separate
introduction of the gas flows, with a full scale of 200 and 500 sccm (standard cubic
centimeters per minute), respectively (accuracy = 1%). The flow rate is expressed in
volumetric unit (sccm) measured under standard conditions (p=1 atm and T=273.15 K).
The left gas line is designed for the eventual introduction of a water reservoir, in order to
saturate the reaction atmosphere with water vapor. In the right gas line, a vaporizer ((2) in
Figure A.4) containing the molecular precursor powders is heated by an oil bath at desired
temperature (60℃, in the case of Fe(hfa)2TMEDA). To avoid undesired condensation
phenomena, the gas lines connecting the precursor vessel and reaction chamber are heated.
The reaction chamber ((3) in Figure A.4) consists in a pyrex glass tube with a T shape
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Figure A.4 – Schematic 3D representation of the adopted CVD experimental set-up.
(length = 20 cm; diameter = 3 cm). The substrate is placed horizontally on an aluminium
plate ((1) in Figure A.5), mounted itself on a ceramic (macor) support ((2) in Figure A.5)
containing both a heating resistance ((3) in Figure A.5) and a temperature sensor (Pt 100,
(4), accuracy: ± 1℃; see Figure A.5). Electrical connections ((5) in Figure A.5) are made
through a KF-25 flange with a metal-glass junction ((6) in Figure A.5), equipped with
external electrical connections. A feedback electrical circuit is used to set and maintain a
constant and pre-defined substrate temperature.
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Figure A.5 – Detailed scheme of the heater used in the CW-CVD equipment. The heater
is placed in the reaction chamber, as evidenced by a red circle in Figure A.4.
Between the reactor chamber and the pump, the cooling trap ((6) in Figure A.4),
serves to prevent detrimental pollution of the pumping system due to by-products or
undecomposed precursor residuals. The pressure in the chamber is monitored by two
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readers. A Pirani (BOC Edwards; 0-1000 mbar, (5) in Figure A.4) manometer is used
to measure the base vacuum, whereas a Barocel capacitive (BOC Edwards; 0-1000 mbar;
(4) in Figure A.4) sensor is adopted to monitor the pressure during the deposition exper-
iments. The pressure in the chamber is controlled by a membrane valve ((7) in Figure
A.4), tuning thus the effective flow of the rotary pump ((8) in Figure A.4).
A.3 Plasma-assisted methods
A.3.1 Plasma enhanced chemical vapor deposition (PECVD)
In the broad context of innovative nanomaterial synthesis techniques, plasma provides
a unique environment for chemical reactions and material preparation.52,71,188,189 As
already discussed, reaction rate in CVD is typically controlled by changing the substrate
temperature. Nevertheless, current and future generation technological devices involve
polymer and low melting point metals, precluding the use of high temperatures during
material formation.52,53
These limitations can be overcome if the energy necessary for precursor activation is
provided by high energy electrons in plasmas.71,189 Plasma can be defined as a quasi-
neutral systems containing charged and neutral particles characterized by a collective
behavior (Table A.2).∗52 In the field of material deposition, plasma has been used to
promote chemical reactions, since the presence of high energy electrons can dissociate and
ionize molecules, producing various reactive species such as radicals and ions. In PECVD,
the plasma performs two main actions. First, chemical species are formed by electron
impact collisions (homogeneous reactions), thereby overcoming kinetics limitations that
may exist in a thermally activated CVD process. In addition, positive ions, metastable
species, electrons and photons are produced, and these species strike on the surroundings
surfaces, promoting various heterogeneous reactions.57,189 The combination of physical
processes with chemical reactions results in materials properties that may be unattainable
by means of conventional preparation routes.176,188,189
Plasma are usually generated providing energy to a gas, inducing the formation of ions
and electrons by applying an electric discharge in direct (DC) or alternate current (AC)
between two electrodes. In particular, cold plasmas are usually excited and sustained by
direct current (DC), radio frequency (RF) or microwave (MW) power application. Since
the plasma chemistry is mainly controlled by electron energies and gas temperatures, the
type of discharge used has to be selected basing on requirements of flexibility, uniformity,
costs, process rates and final material properties.52,189
In order to sustain a DC discharge, electrically conductive electrodes have to be in-
∗collective behavior: when the macroscopic result to an external stimulus is the cooperative response
of many plasma species, because each plasma particle interacts with a large number of other particles
due to long range Coulombic fields.52,190
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Excitation e− + X2 → X∗2 + e−
Dissociative attachment e− + X2 → X− + X+ + e−
Ionization e− + X2 → X+2 + 2e−
Dissociative ionization e− + X2 → X+ + X + 2e−
Table A.1 – Generic examples of electron (e−) impact reactions in order of increasing
required energy.71
serted in direct contact with the plasma in the reaction chamber. Unfortunately, during
the deposition of dielectric films the electrodes become gradually covered by an insu-
lating layer, progressively extinguishing the DC discharge. This issue can be solved by
alternating the polarity of the discharge (AC systems).57
In particular, frequencies from few tenths of Hz to a few thousand Hz will produce
plasmas that are repeatedly initiated and extinguished, whereas frequencies between ∼10
kHz and ∼10 MHz result in reasonably time-independent discharges.52 In addition, as the
frequency of the electric field increases, there is less time between the cycles available for
the diffusion of charged particles to the reactor walls. As a consequence, whereas in the
low-frequency range several hundred volts are required to sustain the discharge, at higher
frequencies lower voltages are requested to achieve stable plasmas and, in particular, the
standard 13.56 MHz frequency is often used.52,189
Under these conditions, electrons will experience many collisions during each cycle,
resulting in the productions of new charged particles through electron impact ionization
of neutral gas atoms and molecules.52,188
Homogeneous collisions in the plasma phase represent the way in which reactive free
radicals, metastable species and ions are generated. In particular, electron impact can
result in a number of different reactions, depending upon the electron energy, as reported
in Table A.1. The generation of charge species is counter-balanced by losses due to
recombination processes at surfaces and in gas phase.188,189
The electron density (ne) and electron temperature (Te) are important parameters
to characterize plasmas. ne describes the density of charged particles in the plasma,
often referred to as plasma density. For materials processing, the electron temperature
is typically in the order of 1-10 eV (1 eV ∼ 11600 K). The heavy ions and neutral
species have their own temperature, which can be very different from Te due to their
different mobility. In particular, Ti is much lower than electron temperature and whereas
electrons are energetically excited, heavy particles remain near room temperature (Table
A.2). Such plasmas are known as cold plasmas, in which there is no significant heating
effect while energetically excited species provide a high chemical reactivity. These unique
properties of cold plasmas are very desirable for materials processing, especially when
organic materials, polymers, and biomaterials are involved.53
Basing on gas phase reactions occurring in PECVD processes, it is possible to grow
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Parameter Value
ne = ni ∼ 108 - 1012 cm−3
nN ∼ 1013 - 1016 cm−3
kTe 1 - 5 eV
kTi ∼ 0.04 eV
Table A.2 – Typical properties of weakly ionized (∼ 10−6) plasmas used for PECVD.
Symbols e, i and N refer to electrons, ions and neutral species, respectively.71
Figure A.6 – Sketch of three different plasma-assisted routes to nanomaterials: (a)
PECVD; (b) sputtering; (c) surface modification.176
in-situ doped materials by using suitable molecular sources or reactive gases.55,56 To this
regard, the use of fluorinated ligands, besides increasing the compound volatility, offers
attractive possibilities for the in-situ anion doping of the growing systems (see Chapter
3).37,66,68
On the other hand, several heterogeneous processes can occur at solid surfaces exposed
to plasmas, among which the most effective in promoting surface reactions are electron
and ion bombardment.189
This energy supply may enhance surface diffusion phenomena and significantly alter
the material growth process. Furthermore, low energy ion bombardment can promote pre-
ferred growth orientations or lower the temperature needed to obtain crystalline materials.
The particle bombardment of the surface can also break chemical bonds and induce the
production of new absorption sites, favoring higher growth rates. It is also worth noting
that impinging species can sputter or eject surface molecules and atoms by momentum
transfer processes, altering the deposit composition and structure.71 As a consequence, by
selecting the deposition parameters (temperature, pressure, RF power) the competition
between growth and ablation phenomena can be tuned, resulting in materials endowed
with an unique nano-organization (Figure A.6).53,188,189
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A.3.2 RF-sputtering
RF-sputtering is a physical synthetic process exploiting the benefits of cold plasmas
for the synthesis of supported nanomaterials. In a typical sputtering experiment, a source
material (target) is placed in a vacuum chamber and exposed to a plasma, and its bom-
bardment causes the ejection of atoms or small clusters. These species subsequently
undergo nucleation/growth processes on the surface of a suitable substrate (see Figure
A.7).57,188,191–193
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Figure A.7 – Schematic representation of a sputtering process.
Despite the first step is the physical erosion of a massive target, the subsequent mate-
rial growth on the substrate can be suitably controlled under non-equilibrium conditions,
thanks to the competition between ablation and deposition processes (Figure A.6). As a
consequence, the final material properties can be efficiently tuned by selecting the pres-
sure, RF power, reaction atmosphere, target and growth surface.191,192,194 Last but not
least, the adopted temperature can be close to the room one, making possible to deposit
also on polymeric or thermally labile substrates.189
An important parameter in controlling the processes is the self-bias (Vbias) potential,
defined as the DC potential at the RF electrode under steady conditions, when the ionic
and electron currents are equal. Vbias depends on the applied RF power (W ) and pressure
(p) according to the following equation:52,188,189
|Vbias| ∝
√
W
p
(A.2)
This value is proportional to the sputtering yield (the average number of species emit-
ted from the target for each incident ion), and hence also affects the final growth rate of
the deposit material.52,189,192
Thanks to its infiltration power, RF-sputtering represents an efficient technique for
the controlled dispersion of nanoaggregates into porous matrices, minimizing, at the same
time, any possible alteration on the matrix by the use of low processing temperatures.57,189
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As a consequence, RF-sputtering can be favourably combined with other chemical depo-
sition methods for nanocomposite fabrication (see section 4).59,60,69,136,152
A.3.3 PECVD and RF-sputtering equipment
In the present work, a two-electrode custom-build apparatus was used for both PECVD
and RF-sputtering processes.195
In a typical PECVD experiment the precursor was placed in an external heated vessel
((2) in Figure A.8) and transported towards the deposition zone by an Ar flow. Two
further auxiliary gas-lines were used to introduce Ar and O2 gases directly into the reactor.
Flow rates were controlled by MKS flowmeters ((1) in Figure A.8; with a full scale = 500
sccm; accuracy = 1%). To avoid undesirable condensation phenomena, the gas lines
connecting the precursor vessel and reaction chamber were heated. The pressure in the
reaction chamber ((3) in Figure A.8), was controlled by two capacitance manometers
(BOC; operative range: 0-1000 mbar and 0-10 mbar) and an inverted magnetron gauge
(AIM-S-DN40CF AIM Gauge Edwards; 10−7-10−2). Between the reactor chamber and
the rotary pump, a cooling trap ((4) in Figure A.8) was placed to prevent detrimental
pollution of the pumping system.
The instrumental set-up was equipped with both a rotary and a turbo molecular pump
(TMP) ((5,6) in Figure A.8), allowing to achieve a base pressure as low as 10−7 mbar.
The RF-electrode (diameter of 9 cm; (7) in Figure A.8) was connected to an RF
generator (Cesar 133 ThinFilms, maximum power = 1000 W, frequency = 13.56 MHz; (9)
in Figure A.8). The RF-power generator was connected to a variable matching unit (VM
1000, Thin Films, (10) in Figure A.8) that matches the impedance of the plasma reactor
to the output impedance of the power generator. The use of an impedance matching
system was necessary in order to optimize the energy transfer to plasma and to minimize
the reflected power.52
On a second electrically grounded electrode (diameter of 9 cm, (8) in Figure A.8),
the substrate was mounted by the use of metal clips. The ground electrode was resis-
tively heated and its temperature was measured by a Pt 100 thermocouple, connected
to a feedback electric circuit in order to set and maintain constant a predefined deposi-
tion temperature ((11) in Figure A.8). The interelectrode distance was set at 6 cm for
deposition experiments.
A.4 Atomic layer deposition (ALD)
Among chemical methods for the deposition of thin films, ALD is a powerful tool for
the preparation of conformal layers even on surfaces with nano-scale high aspect ratio
features. In particular, ALD is well suited to meet the needs for atomic layer control and
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Figure A.8 – Schematic representation of the custom built plasma reactor used in this
work for PECVD and RF-sputtering processes [in this case, a metal target is placed on the
RF electrode and the precursor gas line is closed (12)].
conformal deposition using sequential and self-limiting surface reactions.48–51
ALD is similar to CVD, except that in ALD the formation of a film on a substrate is
self-limiting and requires the reaction of two reagents: a metal precursor and a non-metal
source (such as O2, H2O, . . .).
49,62 The metal precursor is introduced to the reaction
chamber and allowed to react on the substrate surface. Any excess of metal precursor is
then purged using a flow of inert gas.
A second precursor is then introduced, and reacts with the first one on the surface of
the substrate forming the desired deposit. This cycle can be repeated many times and
results in film growth as low as few Angstroms per cycle, enabling thus an accurate and
reproducible thickness control of the resulting deposit.50,51
Because there is only a finite number of surface sites, the reactions can only deposit
the corresponding number of surface species. In fact, the precursor chemisorbs or reacts
with the substrate surface groups until saturation, and thus after the formation of the
chemisorbed layer no further adsorption takes place. As a consequence, ALD is a self-
limiting process.51
As anticipated, ALD processes are dominated by surface reactions that are performed
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sequentially, so that the two reactants are not in mutual contact in the gas phase and
detrimental parasitic reactions are suppressed.51 In the case of metal oxide growth, the
complete ALD cycle is composed by: metal precursor exposure, first purging, oxygen
source exposure (or also water or ozone) and second purging. A schematic drawing show-
ing the sequential, self limiting surface reactions during ALD is displayed in Figure A.9.
ALD is able to meet the needs for atomic layer control
and conformal deposition using sequential, self-limiting
surface reactions. A schematic showing the sequential, self-
limiting surface reactions during ALD is displayed in Figure
1.5 Most ALD processes are based on binary reaction
sequences where two surface reactions occur and deposit a
binary compound film. Because there are only a finite number
of surface sites, the reactions can only deposit a finite number
of surface species. If each of the two surface reactions is
self-limiting, then the two reactions may proceed in a
sequential fashion to deposit a thin film with atomic level
control.
The advantages of ALD are precise thickness control at
the Ångstrom or monolayer level. The self-limiting aspect
of ALD leads to excellent step coverage and conformal
deposition on high aspect ratio structures. Some surface areas
will react before other surface areas because of different
precursor gas fluxes. However, the precursors will adsorb
and subsequently desorb from the surface areas where the
reaction has reached completion. The precursors will then
proceed to react with other unreacted surface areas and
produce a very conformal deposition.
The self-limiting nature of the surface reactions also
produces a nonstatistical deposition because the randomness
of the precursor flux is removed as an important factor. As
a result, ALD films remain extremely smooth and conformal
to the original substrate because the reactions are driven to
completion during every reaction cycle.6 Because no surface
sites are left behind during film growth, the films tend to be
very continuous and pinhole-free. This factor is extremely
important for the deposition of excellent dielectric films.7
ALD processing is also extendible to very large substrates
and to parallel processing of multiple substrates. The ALD
precursors are gas phase molecules, and they fill all space
independent of substrate geometry and do not require line-
of-sight to the substrate. ALD is only limited by the size of
the reaction chamber. The ALD process is also dominated
by surface reactions. Because the surface reactions are
performed sequentially, the two gas phase reactants are not
in contact in the gas phase. This separation of the two
reactions limits possible gas phase reactions that can form
particles that could deposit on the surface to produce granular
films.
The use of the term “ALD” dates back approximately to
2000. Prior to 2000, the term atomic layer epitaxy (ALE)
was in common use.8-13 Other terms have been used to
describe ALD, including binary reaction sequence chemis-
try14 and molecular layer epitaxy.15 The transition from ALE
to ALD occurred as a result of the fact that most films grown
using sequential, self-limiting surface reactions were not
epitaxial to their underlying substrates. Moreover, amorphous
films were most preferred for dielectric and diffusion barrier
applications. Consequently, the use of ALD grew in prefer-
ence and now dominates with the practitioners in the field.
The history of ALE and ALD dates back to the 1970s in
Finland. The original pioneer of ALE was Tuomo Suntola,
who demonstrated some of the first ALE processes as early
as August/September 1974.16 The first ALE system devel-
oped was ZnS.16 The first ALE patent emerged in 1977.17
The first literature paper on ALE appeared in 1980 in Thin
Solid Films.18 The first application of ALE was electrolu-
minescent displays. The first public display of an ALE device
was an electroluminescent display that operated in the
Helsinki airport from 1983 to 1998. The first commercial
ALE reactor was the F-120 sold by Microchemistry in 1988.
The first of a series of ALE meetings was held in 1990 and
continued through 1996. The first of a series of yearly ALD
meetings was held in 2001 and has continued through the
present date.
Many earlier reviews have addressed the basics of ALE
or ALD.5,8,11,12,19-21 Many previous reviews have considered
the application of ALE or ALD to microelectronics and
nanotechnology.19,22-27 The intent of this present review is
not to duplicate these previous reviews. Instead, this review
is focused on an overview of key concepts and new directions
in ALD. The semiconductor roadmap is coming to an end
in a few years because of the limits of the current electronic
materials. For continued progress, the future for electronic
materials will embrace as yet undefined paradigms. ALD will
almost certainly be part of the new paradigms because of its
ability to control deposition on the atomic scale and to deposit
conformally on very high aspect ratio structures.
2. Al2O3 ALD as a Model ALD System
The ALD of Al2O3 has developed as a model ALD system.
An earlier extensive review by Puurunen has previously
discussed the details of Al2O3 ALD.20 Consequently, this
section will only mention the highlights of Al2O3 ALD. Al2O3
ALD is usually performed using trimethylaluminum (TMA)
and H2O. The first reports of Al2O3 ALD using TMA and
H2O date back to the late 1980s and early 1990s.28,29 More
recent work in the semiconductor industry is using TMA
and ozone for Al2O3 ALD.30,31 This review will concentrate
on Al2O3 ALD using TMA and H2O.
The surface chemistry during Al2O3 ALD can be described
as5,14,32
where the asterisks denote the surface species. The Al2O3
ALD growth occurs during alternating exposures to TMA
and H2O. Al2O3 ALD is a model system because the surface
reactions are very efficient and self-limiting. The main driver
for the efficient reactions is the formation of a very strong
Al-O bond. The overall reaction for Al2O3 ALD is
Figure 1. Schematic representation of ALD using self-limiting
surface chemistry and an AB binary reaction sequence. (Reprinted
with permission from ref 5. Copyright 1996 American Chemical
Society.)
(A) AlOH* + Al(CH3)3 f AlOAl(CH3)2* + CH4
(1)
(B) AlCH3* + H2O f AlOH* + CH4 (2)
2Al(CH3)3 + 3H2O f Al2O3 + 3CH4
∆H ) -376 kcal (3)
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Figure A.9 – Schematic representation of ALD using self-limiting surface chemistry. A
reaction sequence using two different precursors A,B is described.51,196
ALD processing can be extended to a variety of substrates and to simultaneous depo-
sition on multiple substrates. Since the used precursors are gas phase molecules, ALD is
characterized by a high infiltration power and the precursor can pe etrate also into com-
plex 3D nanostructures. This feature is of great importance to ensure an homogeneous
surface coverage of the target matrices.
Thanks to its repeatability, excellent conformality and nanometer-scal thickness con-
trol, also at moderate deposition temperatures, ALD has been proved to posses appealing
properties for the functionalization of oxide matrices with an ultra-thin functional lay-
ers.171
In the present research work, ALD has been used for e surface functionalization [used
precursor: titanium isopropoxide) of α- and -Fe2O3 nanodeposits, previously synthesized
by CVD (see section 4.5).70 Experiments were carried out at the Brandenburg Univer ity
of Technology (BTU) (in collaboration with th group of Prof. D. Schmeisser) in Cottbus,
Germany, by a home-made ALD reactor.49
A.5 Synthesis of nanocomposites by hybrid
vapor phase approaches
The last decade has witnessed an exponential growth of research activities on com-
posite materials thanks to the synergistic interplay between single component properties.
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This widespread scientific and technological interest has been mainly driven by the con-
currence of two causes, namely the full understanding of nanocomposite behavior and the
potential hope for functional applications and economic impact.32,58,69,136,137 In particu-
lar, unique characteristics are derived from interfacial interactions, that might appreciably
depend on the presence of defects, compositional gradients and roughness.139
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Figure A.10 – Schematic representation of the used two-step preparation protocol.
In order to attain enhanced functional performances, the engineering of composite
systems with an intimate contact between the constituents is a key issue to exploit their
unique chemical reactivity and to get improved performances. Basing on these observa-
tions, the assembly of multi-component nanomaterials requires the development of versa-
tile and efficient fabrication procedures.58
In this PhD thesis, the previously described vapor-phase techniques heve been suit-
ably combined for the fabrication of composite materials by two-step approaches, whose
development has represented one of the most innovative work aspects. In particular, first
suitable Fe2O3 host materials have been first obtained and then a second phase (guest)
was dispersed into the host oxide matrices (Figure A.10).
As already discussed, CVD routes (both thermal and plasma enhanced) represent
powerful methods for the synthesis of supported metal oxide systems with controlled
composition, morphology and structure (see section A.2 and A.3.1). In particular, porous
host matrices synthesized by CVD were used for the subsequent dispersion of other guest
phases (metal or oxide) by RF-Sputtering, exploiting its high infiltration power and en-
abling the in-depth dispersion of guest NPs with controlled dimensions and spatial distri-
bution (Figure A.10a). In a different way, ALD is able to conformally cover also complex
structures enabling to get a uniform functionalization of the underlying matrix, ultimately
yielding a sort of multi-layered system with interfacial features controlled on an atomic
scale (Figure A.10b).
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In the present work, various composite systems have been prepared, using sequen-
tial thermal-CVD/RF-sputtering (Pt, Au, Ag, Cu/Fe2O3),
69,152 and thermal-CVD/ALD
(Fe3−xTixO4/Fe2O3).70 A detailed discussion of the pertaining results is reported in Chap-
ter 4.
Appendix B
Characterization techniques
In this chapter, the basic principles and experimental details of the analytical meth-
ods used for the characterization of the molecular precursor (section B.1) and supported
nanomaterials (section B.2) are presented. Far from providing a detailed description of
the various methods, this appendix aims at giving a survey of the used characterization
techniques and of the principal pertaining chemico-physical information.
B.1 Precursor characterization techniques
B.1.1 Elemental analysis
Elemental analysis, also known as C, H, N analysis, is used for determining the ele-
mental composition of chemical compounds. In a typical experiment, 2-3 mg of the test
substance is weighted, placed into a tin crucible and burned under oxygen atmosphere.
The resulted gaseous products pass through a catalyst in order to attain their complete
oxidation to CO2, H2O and NOx, eliminating O2 from the gas mixture.
Afterward, a heated column with copper granulates reduces NOx to N2, using helium
as carrier gas. Finally, the gases are separated by gas-chromatography and the quantifi-
cation is provided by the use of a thermal conductivity detector. The accuracy of the
measurements for N and C is around 500 ppm.
In this work, elemental analyses were carried out by a Fisons Carlo Erba EA1108
apparatus (CHNS version).64,65
B.1.2 Nuclear magnetic resonance spectroscopy (NMR)
In order to get important information on the precursor molecular structure, NMR
measurements were carried out. This characterization method exploits the magnetism
of selected nuclear isotopes, being the origin of the spectroscopic signal, the macroscopic
magnetization developed by a sample introduced in a magnetic field B0. In particular, the
application of electromagnetic waves (1-600 MHz) generates a magnetic momentum µ in
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the nucleus. In this conditions, the energy that can be absorbed/emitted by the system
is described by Larmor frequency ω:197
∆E =
γhB0
2pi
= hν =
ωh
2pi
; ω = γB0 (B.1)
where h is the Plank constant and γ is the magnetogyric constant, typical for the stud-
ied nuclear isotope. In addition, the nucleus resonance frequency is not only dependent
on γ, but also on the “electron shielding” constant σ, related to the electron density that
shields B0. On this basis, the effective resonance frequency becomes:
197
ω = γB0 (1− σ) (B.2)
As a consequence, a stronger shielding implies a smaller ω. Absolute ω values can not
be measured, since the resonance frequency depends on the applied B0, and a reference
should be used as comparison. The “chemical shifts” can be calculated as:197
σ1[ppm] =
ω1 − ωref [Hz]
spectrometer frequency[MHz]
(B.3)
where σ1 and ω1 are attributed to the sample, whereas ωref is the resonance frequency
of the reference substance.
In particular, high or low electron densities result in high-field (low σ1) or low-field
shifted (large σ1) NMR signals, whose integrated area is related to the number of equiv-
alent nuclei in the studied compound. The splitting of the NMR signals, called spin-spin
couplings, results from the impact of the spin orientation from a nucleus on the magnetic
field of the neighboring atoms or vice-versa. As a matter of fact, the spin-spin coupling,
along with the integrated signal area and chemical shifts, make of NMR spectroscopy
powerful tool for the structural analysis of molecular compounds.
In the present work, 1H and 13C NMR spectra were recorded in cooperation with
Dr. A. Venzo (IENI-CNR, Padova), by a Bruker DMX-400 spectrometer (9.4 T magnet)
equipped with a quadrinuclear QNP-400 5 mm probe operating at 400.13 MHz on 1H and
at 100.61 MHz on 13C. A Bruker DMX-200 spectrometer (4.7 T magnet) equipped with
a quadrinuclear QNP-200 5 mm probe operating at 200.13 MHz on 1H and 188.31 MHz
on 19F has been also used. Chemical shift values were referenced to tetramethylsilane for
1H and 13C nuclei, and to CFCl3 for
19F.65
B.1.3 Single crystal X-ray diffraction
Single-crystal X-ray diffraction is an analytical method which provides detailed infor-
mation about the lattice structure of crystalline substances, including unit cell dimensions,
bond lengths, bond angles, and details regarding site-ordering. These data can be ob-
tained by the interpretation and refinement (though suitable fitting procedures) of data
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collected by single-crystal X-ray analysis.198,199
When the conditions of Bragg equation are satisfied, the interaction between the
incident rays and the sample results in a constructive interference.200
n λ = 2 d sinϑ (B.4)
This law relates the wavelength of electromagnetic radiation (λ) to the diffraction
angle (ϑ) and the lattice spacing (d) in a crystalline sample, with n being an integer
number.
By varying the geometry of the incident beam and of the detector, as well as the
orientation of the crystal, all the possible lattice diffraction directions can be scanned. If
monochromatic radiation is used, like in most cases and in the present work, it is necessary
to rotate the sample in order to satisfy the Bragg equation.198
In a X-ray diffractometer, X-rays are generated in a cathode X-ray tube by heating a
filament to produce electrons, that are then accelerated toward a target material. When
electrons have enough energy to dislodge inner shell electrons of the target, its character-
istic X-rays are produced. In order to generate monochromatic X-rays, the filtering by
foils or a crystal monochromator are necessary.200
The resulting X-rays are collimated and directed onto the sample, that is placed in
a holder connected to a goniometer and progressively rotated during measurements. A
detector records the X-ray signals, converting them into a count rate which is then trans-
mitted to a calculator.
In the present work, experiments were performed on a Fe(hfa)2TMEDA crystal having
the dimensions of 0.17 × 0.16 × 0.07 mm3 by an Oxford Xcalibur 2 CCD/PD diffractome-
ter with monochromatic MoKα radiation (λ = 0.71073 A˚) at temperatures of 104 and 173
K (see Chapter 1).65 The Fe(hfa)2TMEDA structure was solved using the SHELXL-97RR
software package and refined by full matrix least-squares methods.201 Measurements were
carried out in collaboration with the group of prof. A. Devi (Inorganic Materials Chem-
istry Group - Ruhr University Bochum, Germany).
B.1.4 Mass spectrometry (MS)
Mass spectrometry can provide both qualitative (structure) and quantitative (e.g.
molecular mass) information on molecular precursors after their conversion to ions. De-
spite the analyses are typically carried out far from the common CVD conditions, useful
information on the most favourable decomposition pathways and on the relative energies
of the compound metal-ligand bonds can be obtained. The compounds are first intro-
duced into the ionization source of the mass spectrometer, where they are ionized to
acquire positive or negative charges. The ions then travel through the mass analyzer and
arrive to the detector according to their mass/charge (m/z) ratio.197,202 In the present
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work, two main MS analyses have been performed on the Fe(hfa)2TMEDA precursor,
namely EI-MS and ESI-MS.
Electron impact-MS Electron impact (EI) uses energetic electrons to ionize gas phase
atoms or molecules. In particular, in an EI ion source, electrons are generated by
thermionic emission and then are accelerated and focused in a beam.202 During EI-MS
experiments, the target compound is vaporized in vacuum, ionized by EI, and subse-
quently accelerated through an electric field. The most important information obtained
from EI-MS are the molecular mass and the m/z ratio of the various ions. In this way,
the sample fragmentation induced by EI can be studied, providing important information
for the development of PECVD processes in which the vaporized precursor is subjected
to inelastic collisions with electrons (see section A.3.1).
In this work, EI-MS spectra were collected by using a Varian MAT spectrometer
under standard EI conditions (ionization voltage = 70 eV), in collaboration with the
group of Prof. A. Devi (Inorganic Materials Chemistry Group, Ruhr-University, Bochum,
Germany).
Electrospray ionization-MS Electrospray Ionization (ESI) is a soft ionization tech-
nique, extensively used in MS for the production of gas phase ions of thermally labile
molecules. Although the development of ESI-MS has had a major impact in biology and
proteomics, its application has been extended to a broad range of analytes, including po-
lar organic, inorganic, and metal-organic complexes. ESI uses electrical energy to assist
the transfer of ions from solution into the gaseous phase, before performing mass spectro-
metric analysis. Ionic species in solution can thus be analyzed by ESI-MS with increased
sensitivity. Neutral compounds can also be converted to the ionic form in solution or in
gaseous phase by protonation or cationisation, and hence can be studied by ESI-MS.203
In the case of CVD precursors, the information obtained from ESI-MS can be com-
plementary used with the ones coming from the more energetic EI-MS. In fact, ESI-MS
enables to verify the possible presence of detrimental oligomeric structures, that can not
be detected in the harsher ionization conditions of EI-MS. In this thesis, ESI-MS was
performed in negative ion mode using a LCQ Deca ion trap instrument (ThermoFisher,
entrance capillary temperature and voltage were 473 K and ±4 kV, respectively) in col-
laboration with Dr. R. Seraglia (IENI-CNR, Padova).65
B.1.5 Thermogravimetry/Differential scanning calorimetry
(TG/DSC)
During TG analyses, the sample weight loss due to dehydration or decomposition
processes is recorded as a function of the temperature.204 These information are of crucial
importance to evaluate the thermal stability and volatility of CVD precursors.64,65
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A TG thermogram, showing the mass loss (%) as a function of temperature, provides
information on phenomena occurring in the scanned temperature regions, such as: (i)
vaporization/sublimation, (ii) desorption/decomposition, and (iii) oxidation/reduction.202
On the other hand, DSC experiments consist in recording heat absorption/release
events taking place in endothermic or exothermic processes as a function of temperature,
enabling the study of phase transitions or structural modifications.202
Therefore, the basic instrumental apparatus requirements for TG and DSC analyses
are a precision balance and a programmable furnace. The furnace can be programmed ei-
ther for a constant heating rate, or to acquire a constant mass loss with time by controlling
the heating.
In this work, TG and DSC experiments were carried out at ambient pressure, both
under N2 and synthetic air (sample weight ∼ 7 mg; heating rate = 10℃×min−1) using a
SDT2960 apparatus (TA instruments).64,65
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B.2.1 Atomic force microscopy (AFM)
AFM allows to examine the surface topography of a material, gaining information
on the size, shape and distribution of nanostructures, and enables also to calculate the
root mean square (RMS) surface roughness.199,205 The latter parameter is of remarkable
importance since it can be related to the material surface area, that is a critical property
for several applications.59,68
 
  
Figure B.1 – Schematic representation of an AFM equipment.
Basically, an AFM instrument (Figure B.1) is characterized by a flexible cantilever, at
which free end is connected a probe tip, with a diameter typically lower than 100 A˚. This
tip is scanned over the sample surface and, by the measurement of the cantilever deflection
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as a function of position, a bidimensional map of tip-sample forces can be recorded. In
this way, a surface topographic image is obtained.204
Depending on the nature of the analyzed material and on the quality of the information
to be collected, various working modes can be adopted: contact, non-contact and tapping
mode.
In the contact mode operation, the tip deflection is used as a feedback signal, and the
force between the tip and the sample surface is kept constant during scanning.
In non-contact mode, AFM monitors attractive Van der Waals interactions between
the tip and the sample. The tip-to-sample distance is generally in the range between 50
and 100 A˚. In particular, the Van der Waals forces act to vary the cantilever resonance
frequency, while a feedback loop system maintains constant the frequency by adjusting the
average tip-to-sample distance. In this way, measurements of the tip-to-sample distance
at each (x,y) data point allows to reconstruct a topographic image of the sample surface.
Considering that non-contact mode AFM does not suffer from tip or sample degradation
effects, it is a preferable option in case of soft samples, such as biological or organic
species. On the other hand, the resolution in non contact mode is lower than in contact
mode.199,204
In tapping mode, a small piezoelectric element, mounted on the AFM tip holder, makes
the cantilever oscillate close to its resonance frequency, similarly to non-contact mode.
On the other hand, the oscillation amplitude is higher, typically from 100 to 200 nm,
and decreases when the tip get close to sample surface. The control of cantilever position
above the sample is performed by an electronic servo, by using a piezoelectric actuator.
As a consequence, in tapping mode the AFM image is produced by the intermittent
contact between the tip and the sample surface. Remarkably, this modality enables to
minimize the possible damages on the sample surface, providing, at the same time, the
possibility of resolving nanosized features, exploiting thus the advantages of both contact
and non-contact modes.199,204
In the present work, AFM analyses have been carried out by means of a NT-MDT
SPM Solver (P47H-PRO) working in tapping mode in air. RMS values were obtained by
means of a plane fitting procedure following the relation:
RMS =
[∑ (zi − Z)2
n
] 1
2
(B.5)
where zi, Z and n represent the local height, the mean height and the number of data
points, respectively.206
B.2.2 Field emission-scanning electron microscopy (FE-SEM)
The use of SEM permits to efficiently study the material morphology in a wide range
of magnifications, collecting unique information on their spatial organization.199,204,207–209
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Figure B.2 – Schematic representation of the interactions between sample and electrons
occurring in SEM.
In a scanning electron microscope, an electron beam (primary electrons, PE) with
high energy (5-20 kV) is focused and scanned on the sample surface. As a consequence,
different types of signals are produced, and some of them are used to generate the sample
image (Figure B.2).
Electron interactions with the sample may be either elastic, resulting in the backscat-
tering (BSE) of primary electrons (PEs), or inelastic, when the primary beam causes
the ejection of secondary electrons (SE), along with characteristic electromagnetic radia-
tion.208
BSEs, during various collisions, change their direction and loose a portion of their
initial energy, resulting in a beam intensity proportional to the nature and amount of the
atoms forming the target material. In particular, the heavier the interacting elements,
the higher the back-scattering yield, making thus possible to obtain also compositional
data (Figure B.3).209
SEs, generated by inelastic scattering interactions with PEs, are ejected from the
sample in all the directions. Considering their low energies (1 - 10 eV), these electrons
are originated within a few nanometers from the sample surface and, for this reason, are
usually used to study the surface morphology.208,209
Along with the production of backscattered and secondary electrons, the interaction
between the primary electron beam and the material results in the emission of X-rays
(Figure B.2). The latter (see also section B.2.3) can be used to perform energy dispersive
X-ray spectroscopy (EDXS), a technique capable of providing compositional data and
chemical maps (see section B.2.3).208,209
In this work, FE-SEM measurements have been performed. A field emission source
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Figure B.3 – Sample volume achieved by PEs as a function of acceleration voltage and
atomic number, as well as BSE and SE emission.
is based on the extraction of electrons from a suitable material (typically, W/ZrO2) by
tunnel effect through the application of a strong electric field. This method allows an
increase of the brilliance (density of current per solid angle unit) of a factor 100 with
respect to conventional thermionic sources, where electrons are typically emitted from
a hot cathode. The main advantage of FE-SEM with respect to conventional SEM is
the generation of a well stabilized electron beam enabling the achievement of a high
resolution, down to some nm, even at low acceleration voltages (< 10 kV), minimizing
thus electrostatic charging effects. As a consequence, by the use of FE-SEM, sample
preparation procedures (such as surface metallization) can be avoided and also insulating
materials can be directly analysed.
In the present work, FE-SEM investigations were carried out by a Zeiss SUPRA 40
VP equipped with a field emission source, by using acceleration voltages between 5 and
20 kV. The mean nanoaggregate size was evaluated through the SmartSEM® software.
In particular, the samples were analysed both in plane view, in order to measure the
diameter and shape of the nanofeatures, and in cross section, to determine the mean
deposit thickness.
B.2.3 Energy dispersive X-ray spectroscopy (EDXS)
As already explained in section B.2.2, various phenomena take place upon electron
bombardment of a sample (Figure B.2). Beside the production of SEs and BSEs, the
generation of element characteristic X-rays is also induced, a phenomenon that can be
favorably exploited for the analysis of the sample chemical composition.204,208,209 The
corresponding spectroscopy, called EDXS, permits local compositional analysis (comple-
mentary to XPS and SIMS), along with the chemical mapping of selected material regions.
This technique has also been used to study the in-depth material composition by line-scan
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Figure B.4 – Sketch of X-ray emissions in EDXS. An electron of the K-shell is emitted as
a SE upon excitation by a PE. An electron from a higher shell fills the created electron hole
by emitting the energy difference as a X-ray photon.204
analyses, performed on selected cross sectional sample regions.
Figure B.4 displays schematically the generation of the characteristic X-rays upon PE
stimulation. The energy of the emitted X-rays depends on the atomic number and on
the electronic shell from which electrons are removed. The radiation wavelength can be
derived from Moseley law:204
λ =
B
(Z − C)2 (B.6)
where λ is the wavelength, B and C are constants, and Z is the atomic number.
Light elements (Z ≤ 4) cannot be detected, since the detector is separated from the SEM
chamber by a Be window, that strongly absorbs the Kα lines of these species.204
Due to the primary beam diameter and to the scattered electron propagation, the
lateral sampling diameter is about 1 µm, with a depth resolution of 1-5 µm.
In this thesis, EDXS measurements were performed by a Zeiss SUPRA 40 VP FE-SEM
instrument, equipped with an Oxford INCA x-sight X-ray detector.
B.2.4 Transmission electron microscopy (TEM) and related tech-
niques
TEM belongs to the group of electron microscopy techniques and is an effective and
versatile tool to study the structure and morphology of nanosystems with a nm-scale
resolution.204,207 Detailed information about the shape, dimension and distribution of
nanoaggregates can be derived, whereas the phase identification can be performed by
electron diffraction (ED). In addition electron energy loss spectroscopy (EELS) can pro-
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vide unique information oh the system local composition on an atomic scale.209
High resolution (HR)-TEM can analyze single crystal domains, that are of crucial
importance for the study of the material internal structure, yielding a valuable insight on
the occurred nucleation and growth processes.
TEM basically consists on the sample irradiation by a focused highly energetic elec-
tron beam, and on the analysis of the transmitted electrons. In particular, two types
of information can be obtained: a magnified image of the sample and the corresponding
diffraction pattern.209,210
The diffraction pattern consists of a series of spots if the sample is a single crystal,
whereas it shows concentric rings in the case of polycrystalline samples. It is worth noting
that, whereas XRD provide information on the structure averaged over a large volume of
the sample, ED patterns yield an insight into the system local structure.209
HR-TEM BF-TEM DF-TEM 
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Figure B.5 – TEM imaging: (a) HR-TEM; (b) bright field; (c) dark field.
The essential components of an electron microscope are the electron source, the ob-
jective lens and the projection system.207 Typically, a LaB6 crystal emitting electrons by
thermoelectric effect is used, and the resulting electron beam is focused and accelerated by
a high voltage towards the sample. From the analysis of transmitted electrons, a diffrac-
tion pattern and a magnified image of the sample can be obtained using a fluorescent
screen. The whole system is operating in ultra high vacuum (10-9 mbar).
For the obtainment of a high quality TEM image, it is necessary to attain a good
contrast, given by the relation between the number of directly transmitted electrons and
the number of elastically diffracted ones. As a consequence, for HR-TEM images, the
objective aperture is large (Figure B.5a) and both the transmitted and the diffracted
electrons cross the aperture itself, producing thus the sample image.204
In bright field (BF, Figure B.5b) mode the objective aperture is placed at the focal
position of transmitted electrons after passing through the objective lens. The BF image
is formed by the sole transmitted electrons and exhibit the contrast between light and
shadow on a screen, in which regions with a higher atomic number will appear darker.
In a different way, in dark field (DF, Figure B.5c) mode the objective aperture is crossed
by diffracted electrons. As a consequence, crystals that satisfies the specific diffraction
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condition appear bright, enabling to study the crystal distribution and orientation in the
specimen.204,211
One drawback of TEM studies is the high energy of the electron beam, that can
induce damages in sample. In addition, in the case of supported nanosystems, the spec-
imen should be subjected to a preliminary preparation protocol in order to reach X-ray
transparency. In the present thesis, the specimens were prepared by mechanical polishing
down to a thickness of approximately 20 µm, followed by subsequent Ar+ ion erosion
under controlled conditions to ensure the occurrence of only minimal alterations in the
system morphology.37,38
Beside information on the local elemental composition derived from EDXS spectra
on specific sample regions (see also section B.2.3), precious data can be obtained by the
analysis of the energy loss by inelastic scattered electrons (EELS).199 Whereas EDXS is
suitable for the detection of heavier atoms (beginning from O), EELS, based on the energy
loss of the electron beam due to electron transition into a particular specimen element,
enables the analysis of light atoms.212 The EELS spectrum reflects the electronic structure
of the analysed element and provides crucial information on atomic composition, chemical
bonding, valence and conduction band energies on an atomic scale.204
In this work, TEM and HR-TEM analyses were performed using a Tecnai G2 30 UT
microscope [300 kV, located at University of Antwerp, Electron Microscopy for Materials
Science (EMAT)] and EELS experiments were carried out on a Titan cubed microscope
(120 kV), equipped with a monochromator and a high-resolution GIF QUANTUM energy
filter (energy resolution of 250 meV), in cooperation with the group of Prof. G. Van
Tendeloo). A JEOL 2200FS apparatus was also used (200 kV, located at IMEM-CNR,
Parco Area delle Scienze, Parma) in collaboration with Dr. G. Salviati and Dr. F.
Rossi.37,38,70
B.2.5 X-ray photoelectron and X-ray excited Auger electron
spectroscopies (XPS and XE-AES)
X-ray photoelectron spectroscopy (XPS) is a powerful tool for the qualitative and
quantitative compositional characterization of a material surface and, upon erosion, also
for in-depth investigations. Its primary importance derives: (i) from the extent of chemical
bonding and compositional details obtainable from peak position analysis, (ii) from the
possibility to analyze the elemental in-depth distribution and (iii) from the low level of
radiation damage introduced into the sample by soft X-ray excitation.213
XPS is based on the photoelectric effect, consisting in the emission of an electron from
an inner atomic shell, induced by an incident X-ray quantum (hν). In order to leave the
sample surface, the electron has to overcome the work function (φ), and remains with a
certain kinetic energy (KE). The kinetic energy distribution of the emitted photoelectrons
can be measured by using suitable electron energy analyzer, and a photoelectron spectrum
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can thus be recorded. The equation describing the phenomenon is know as Einstein
relation:213
KE = hν −BE − φ (B.7)
For each element (except for H and He, that do not posses core levels), there is
a characteristic binding energy (BE) associated with a core atomic orbital and, as a
consequence, each atom is recognized by a characteristic set of peaks in the photoelectron
spectrum.
The most commonly employed X-ray sources are MgKα (hν = 1253.6 eV) and AlKα
radiation (hν = 1486.6 eV). Accordingly, the emitted electrons have KEs in the range
of ca. 0 - 1250 eV or 0 - 1480 eV, respectively. Since photoelectrons have a very short
mean free path in solids (tenths of angstroms),197 XPS is intrinsically surface sensitive
(few nm).
Figure B.6 – Decay processes for a hole created in a core level (initial state). In case
of fluorescence, the hole recombines with an electron coming from an higher energy level,
resulting in a radiative emission. In the Auger process, the energetic surplus yielded the
emission of a second electron.213
During photo-ionization processes, holes are formed in the core levels.213 They decay
through a recombination with an electron coming from higher energy states, a phenomena
that results in two competitive processes (Figure B.6):
• X-ray fluorescence, in which the excess energy is emitted as photons (radiative
decay);
• Auger emission, in which the excess energy is released to an electron (Auger elec-
tron), which is, in turn, emitted (non-radiative decay).
For this reason, peaks due to X-ray excited Auger emission can also be present in a
XPS spectrum. Even Auger peaks show a chemical shift, though its interpretation is more
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complex than in the case of XPS, since the process is multi-electronic. To this regard,
the Auger parameter (α) is typical for a specific oxidation state of a given element and
is an useful fingerprint in material analyses whenever XPS peak shift is too small for an
unambiguous determination of oxidation states:204
α = BE(XPS) + KE(Auger) (B.8)
Irrespective of the incident radiation frequency, the energy levels involved in the pho-
toemission process are different and photoelectrons come out from different atoms. As
a consequence, the process is polyenergetic, even if induced by monochromatic radia-
tion.199,213 Since the occupied energy levels are quantized, the photoemission distribution
is characterized by a discontinuous pattern with different peaks and their investigation
represents the basis of this analytical method. Emission from some levels (such as p, d)
gives rise to closely spaced doublets due to spin-orbit coupling. This spin-orbit splitting
is obviously not present for s-levels (l = 0). The BE of an electron depends not only on
the energy of original level, but also on (i) the formal atom oxidation state and (ii) its
local chemical environment. Changes in either (i) or (ii) give rise to small shifts (chemical
shifts) in the peak positions. This ability to discriminate between oxidation states and
chemical environments is a key advantage of the XPS technique.
The possibility to resolve between atoms exhibiting slightly different chemical shifts is
limited by the peak width [full width at half-maximum (FWHM)] that is due to concurrent
factors, such as the natural or inherent width of the core level, the width of the photon
source and the analyzer resolution.204
Photoelectron peaks can also display effects due to multiple excitations, that may
generate further peaks or modify line profiles; these effects include the “shake-up” (second
electron raised from the valence band to the conduction band) and the “shake-off” effect
(second electron ejected from the valence band into the continuum). As an example, it
is possible to discriminate between copper(I) and copper(II) oxides basing on the Cu2p
peak shape. In fact, the Cu2p signals for Cu(II) systems having a d9 configuration in the
ground state are characterized by the presence of intense “shake-up” satellites centered at
BE values ca. 8 eV higher than the main spin-orbit split components. In a different way,
for Cu(I) derivatives with a closed-shell (d10), copper configuration “shake-up” satellites
are almost absent.136,214
Beside, chemical information yielded by XPS peak shapes and positions, the area under
the core photoelectron peaks contains quantitative information about sample composition.
To this regard, a simplified formula can be used, putting in relation the area A of a peak
with the corresponding sensitivity factor S, the latter depending on the investigated
species and used instrumentation:204,213
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Ci =
Ai
Si
(∑
j
Aj
Sj
)−1
(B.9)
In addition, in order to investigate the composition of the material sub-surface layers,
the analysis of the atomic percentages as a function of depth is of great importance. The
method used in this work implies the controlled erosion of sample layers with an Ar+
ion beam (3.0 - 5.0 kV, Ar partial pressure of 5×10−8 mbar) of a known energy and the
acquisition of photoelectron peaks after each sputtering cycle. In this way, a depth profile
can be obtained displaying the variation of the atomic percentages as a function of the
sputtering time.
In this work, XPS/XE-AES investigations were carried out on a Perkin Elmer Φ5600
Multi-Technique System with a double Mg - Al anode as X-ray source. The BEs (standard
deviation = ± 0.2 eV) were corrected for charging effects by assigning to the adventitious
C1s line a BE of 284.8 eV. The analysis involved background subtraction and, whenever
necessary, spectral deconvolution, carried out by nonlinear least-squares curve fitting. The
atomic composition was calculated by peak integration, using sensitivity factors provided
by ΦV5.4A software.
B.2.6 Secondary ion mass spectrometry (SIMS)
SIMS is a highly sensitive tool to study both the elemental composition of solid surfaces
and the in-depth atomic distribution of different elements. This technique consists in the
bombardment of a surface by heavy primary ions (Cs+, O2
+, Ar+, . . . ), accelerated to an
energy between 0.5 and 20.0 keV. This ion beam collides with the sample surface inducing
the emission of atoms, molecules or ions (positive or negative) in their ground or excited
state. The secondary ions are subsequently subjected to mass analysis in order to obtain
compositional information as a function of the sputtering time.199
At variance with XPS, SIMS probes the sputtered species and is intrinsically destruc-
tive. In particular, depending on the adopted erosion rate, it is possible to distinguish
two different working modes, defined as static and dynamic. The first, used for surface
analyses, is performed adopting a low primary current density (≤10−9A/cm2), producing
the emission of secondary ions just from the outermost atomic layers. On the other hand,
in dynamic SIMS experiments, the ones used in this PhD work, the current density is so
high that the surface is rapidly sputtered, and the analyzed layer is progressively moved
down to several nm.215
The peculiarity of SIMS technique is the capability of detecting all the periodic table
elements, also the lighter ones, and to discriminate their different isotope as a function of
the corresponding mass/charge ratio. Differently from XPS, this method allows to detect
element traces in the range of ppm and, in the most favorable cases to ppb, thanks to the
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Figure B.7 – Schematic representation of interactions between ions and surface during
SIMS analysis.
high signal-to-noise ratio, due to the absence of any intrinsic background. In addition, it
is possible to analyze surfaces with areas comprised between 1 µm2 and 1 mm2, depending
on the width of primary beam.
The main SIMS disadvantage is due to the difficulty to obtain quantitative information
on the sample composition, since the ion production and the ionization efficiencies strongly
depend on the element nature and on the local chemical composition. As a consequence,
quantitative analysis are not straightforward due to the great variety of produced species,
that depend on the target specimen.
In this thesis, SIMS has been used for in-depth compositional analysis in order to
verify the homogeneity throughout the deposit thickness and the material purity. In
particular, in case of composite materials, this technique provides important indications
on the mutual in-depth distribution of the various species as a function of the adopted
processing conditions.
Measurements were carried out by means of an IMS 4f mass spectrometer (Cameca)
in collaboration with Dr. C. Sada (Department of Physics and Astronomy, Padova Uni-
versity).37,40,69 SIMS analyses were carried out using a Cs+ primary beam (14.5 keV,
current between 10 - 30 nA, negative secondary ion detection), adopting an electron gun
for charge compensation. Beam blanking mode and high mass resolution configuration
were adopted. In order to take into account the influence of matrix composition on the
erosion rate, the latter was estimated at different depths through measurements of the
corresponding crater heights by means of a Tencor Alpha Step profiler.
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B.2.7 X-ray diffraction (XRD)
X-ray diffraction provides a convenient and practical method for the identification of
crystalline phases in materials.216 It is based on the scattering of X-rays by ordered en-
vironments in a crystal and on interference among the scattered rays. The latter takes
place because the distances between the scattering centers are of the same order of mag-
nitude of the radiation wavelength (Figure B.8). The interference can be destructive or
constructive, the latter occurring when the Bragg law is fulfilled (see eq. B.4).207,216
Figure B.8 – Constructive interference occurs when the optical path lengths of radiation
1 and 2 are a multiple of the wavelength λ.
Conventional XRD patterns show the intensity of the diffraction signals versus the
angle 2ϑ. The obtained diffraction peaks are compared with literature data∗ in order to
perform the phase identification.
In addition, from XRD line broadening it is possible to calculate the average crystallite
size by using Scherrer equation:216
FWHM =
Kλ · λ
d sin θ
(B.10)
where FWHM is the line broadening, Kλ is the shape factor, λ the excitation wave-
length, d the crystallite size, and θ the Bragg angle. The Scherrer equation provides a
valuable estimation of crystallite sizes in the typical dimensional range 4 - 50 nm.216
The diffraction geometries adopted in this thesis are described in Figure B.9.199 The
Bragg-Brentano geometry is widely used for preferentially and randomly oriented pow-
dered polycrystalline systems. In this geometry (Figure B.9a), slits collimate the incident
X-rays, which impinge on the specimen at an angle θ1. After passing through receiving
slits, the diffracted X-rays are detected. Since the incident and diffracted X-rays form
the same angle with the specimen surface, structural information is obtained only about
(hkl) planes parallel to this surface.200,216
This limitation can be overcome by glancing incidence-XRD (GIXRD, Figure B.9b),
in which only the detector is moved. In addition, this geometry enables to reduce X-ray
∗International Centre for Diffraction Data (ICDD); Joint Committee on Powder Diffraction Standards
(JCPDS); Inorganic Crystal Structure Database (ICSD).
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probing depth (by using low θ1 values, 1° in this thesis) and therefore increases surface
sensitivity, a main advantage in the analysis of thin films and nanodeposits.
Figure B.9 – (a) Source and detector move together, so that θ1 is always equal to θ2
(Bragg-Brentano geometry). (b) ϑ1 is fixed, and only the detector θ2 is rotated (glancing
incidence).
In this work, XRD measurements in Bragg-Brentano and GI (θ1 = 1.0°) geometry
were performed by using a Bruker AXS D8 Advance diffractometer with a CuKα source
(1.5418 A˚, 40 kV, 40 mA), equipped with a Go¨bel mirror.
Bidimensional X-ray diffraction A bidimensional X-ray diffraction (XRD2) equip-
ment has the capability of acquiring diffraction patterns in the 2D space. In this way, the
whole or a large portion of the diffraction rings are recorded in the same experiment.
The peculiarity of this system is mainly due to the use of a 2D detector and to the
different requirements in terms of beam spectrum purity, divergence and cross-section
profile. As a consequence, XRD2 yields a significant throughput of information which,
may not be attainable by conventional XRD. In addition, this technique can overcome
the issues related to iron fluorescence upon CuKα radiation217 experienced using GIXRD,
thanks to its higher signal-to-noise ratio. In particular, high quality data are obtained by
integration of the Debye-Scherrer cones, resulting in reduced data collection times and in
an enhanced visibility of weak features (Figure B.10).
Regarding the present work, it is worthwhile noticing that in the case of structural
analysis on metastable or scarcely occurring phases, such as β and  iron oxides, the use
of XRD2 is of crucial importance not only for a correct polymorph identification, but
also to discard the co-presence of minority phases and to study the material texture and
preferential orientation.38,69
In the present work, XRD2 images were collected by a Dymax-RAPID X-ray 40 mi-
crodiffractometer with a cylindrical imaging plate detector, that allows data acquisition
in the 2ϑ ranges 0 − 160°(horizontally) and -45 − +45°(vertically) using CuKα radia-
tion. Analyses were performed in reflection mode, adopting a collimator diameter of 300
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Figure B.10 – Schematic representation of an XRD2 experiment and of a 2D pattern.
µm. Measurements were carried out at the University of Brescia in collaboration with
the group of Prof. L.E. Depero and Prof. E. Bontempi (Chemistry for Technologies
Laboratory).
B.2.8 Fourier transform infrared spectroscopy (FT-IR)
Infrared Spectroscopy is a widely adopted method to study chemical bonds or identify
unknown species using typically the region of the electromagnetic spectrum from 350 to
4000 cm−1.197,218
This technique is based on the absorption of electromagnetic energy, that excites
discrete vibration and rotation modes of dipoles.204,219 According to physical selection
rules, interaction of electromagnetic radiation is only possible with an oscillating dipole,
meaning a variation of the dipole moment over time. Therefore, only vibrations implying
a dipole moment change, in general unsymmetrical vibrations, are IR-active. Conversely
vibrations symmetrical with respect to the dipole symmetry center are IR inactive.219
IR spectra are conventionally recorded in transmittance mode, and sample absorption
occurs when the frequency of the IR is the same as the vibrational frequency of a certain
bond. A collection of the transmitted light enables to gain information on energy absorp-
tion as a function of wavelength (i.e., wavenumber). This can be performed by using a
monochromator or, alternatively, the whole wavelength range is measured at once using a
Fourier transform (FT) instrument, whose main advantages with respect to conventional
IR equipments are a higher signal-to-noise ratio and resolution, as well as a faster data
collection.204
In a FT-IR, along with the measurement of the sample, an interferogram of a He-
Ne laser with a known and constant wavelength is recorded as a reference. In order to
generate the interferogram, the laser beam is split into two by a beam splitter. One
beam hits on a fixed mirror, whereas the other one strikes on a moving one. When the
beams recombine, an interference pattern is generated (interferogram), resulting from the
generated constructive and destructive interferences. To translate the measured sum of
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waves, displayed as light intensity versus optical path length, Fourier transform has to
be applied. The analysis of the position, shape and intensity of peaks in this spectrum
provides a fingerprint on the structure of the sample.204,219
FT-IR spectra were collected with a Nexus 870 FT-IR apparatus in the range 350
4000 cm−1. The background was measured and subtracted for each collected spectrum.68
B.2.9 Optical absorption spectroscopy
Optical absorption spectroscopy is one of most used spectroscopic techniques to collect
information regarding the material electronic structure, transparency and band gap. In
general, a spectral range from 200 to 1000 nm is used, involving both a fraction of UV
(200-380 nm), Vis (380-700 nm) and near IR (700-1000 nm) radiation.
The light intensity reduction after interaction with the sample can be described by
the Lambert-Beer law:197,204,218
I(λ) = I0e
−α(λ)t (B.11)
where α(λ) is the absorption coefficient and t is the film thickness. The ratio between
the transmitted and the incident radiation ( I
I0
) represents the transmittance (T ), and
from the latter can be easily calculated the absorbance (A):
A(λ) = ln
(
1
T (λ)
)
= −ln
(
I
I0
)
= αt (B.12)
Basing on this equation and neglecting reflection phenomena, the absorption coefficient
can be calculated as:
α t = ln(T−1) (B.13)
For semiconducting materials, α, in the region of maximum absorption, can be de-
scribed by the Tauc equation:218
α(hν) = (hν − EG)n (B.14)
where EG represents the band gap energy and the exponent n depends on the nature of
the involved electronic transition. In particular, n = 1/2, 3/2, 2, 3 are associated to direct
allowed, direct forbidden, indirect allowed and indirect forbidden transitions, respectively.
For EG extrapolation the so called Tauc plot is the most commonly used procedure. It
consists in plotting (αhν)n versus hν (eV), and in performing a linear fitting of the region
of interest. The intersection of the linear fit with [(αhν )n = 0] yields thus the value of
EG.
Another important parameter to evaluate the optical properties of a SC materials is
the optical penetration depth (α−1), where α is the absorption coefficient that corresponds
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to the distance over which 63% of photons of the wavelength of interest are absorbed.67
In this work, optical absorption spectra were collected on oxide materials deposited on
transparent substrates (SiO2, ITO,. . .) in transmission mode at normal incidence angle
by a Cary 5E (Varian) UV-vis dual-beam spectrophotometer (bandwidth = 1 nm). For
each spectrum, the substrate contribution was subtracted.
Appendix C
Functional tests
C.1 Magnetic properties
Magnetism and magnetic materials have a key importance in various technological
fields, such as telecommunications, hard magnets, magnetoferroic and information stor-
age devices.31,84,220 In the last decade, a great attention has been devoted to magnetic
nanomaterials, thanks to their peculiar magnetic properties with respect to bulk systems,
due to an enhancement of interface contributions. Particular attention has been paid
to controlling microstructure at the nanoscale in order to achieve higher integration in
microelectronic devices. To this regard, a key issue is a high control on the nanomate-
rial crystallographic texture and spatial organization.29,36,221 As an example, for widely
used longitudinal devices it is desirable to have the magnetization vectors in the plane
of the deposit and, as a consequence, it is necessary to synthesize magnetic grains in
that orientation.222 It is also worth noticing that the implementation of nanomaterials
in technological devices requires the preparation of supported, rather than powdered,
materials.41
The origin of magnetism lies in the orbital motion of electrons and on the mutual
interactions among the latter.223,224 The macroscopic magnetic properties are related to
the magnetic moments associated with individual electrons, arising, in turn, from orbital
and spin contributions, whose combination results in the total atomic magnetic moment.
In the case of materials, the systems can be composed by various magnetic domains, that
are regions characterized by parallel aligned magnetic dipoles.197,225
Basing on the spatial arrangements of these dipoles and on their response to externally
applied magnetic fields, various situations can be identified, such as diamagnetism, para-
magnetism, ferromagnetism, ferrimagnetism and antiferromagnetism.223,224 In particular,
the magnetic behavior can be broadly classified basing on the values of the magnetic
susceptibility χ.223–225
In diamagnetic materials the magnetic susceptibility is negative (typically from -10−6
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Figure C.1 – Schematic representation of different magnetic behaviours. In particular,
there is no magnetic order at any temperature in diamagnetic and paramagnetic materials,
whereas there is a magnetic order at low temperatures in ferromagnetic, antiferromagnetic
and ferrimagnetic materials.223,224
to -10−5) and nearly independent on the temperature, so that the developed magnetization
is opposite to the applied magnetic field.223,225
All the other classes of materials have positive susceptibilities, with magnitudes varying
over a very wide range. In general, the susceptibility follows the Curie-Weiss relationship,
in which the Curie temperature (TC) depends on the specific material (C is a constant):
224
χ =
C
T − TC (C.1)
For paramagnetic materials, TC=0 and the susceptibility is very small (typically from
10−4 to 10−5).223
For ferromagnetic materials, the magnetic susceptibility tends to be infinite when the
temperature approaches TC .
223 In these materials, the relationship between field strength
H and magnetization M is not linear (Figure C.2), and, upon increasing the field strength,
M undergoes a progressive increase, ultimately approaching an asymptote called magnetic
saturation (Ms). If the magnetic field is then reduced monotonically, M follows a different
curve and, at zero field strength, there is still a remaining magnetization Mr. If the H-M
relationship is plotted for all the strengths of the applied magnetic field, the result is an
hysteresis loop, whose width is related to the coercivity of the material (Hc).
222,223
In ferrimagnetic materials, such as the present -Fe2O3 structures, the magnetic mo-
ments of the atoms on different sublattices are opposed, but unequal. Similarly to ferro-
magnets, they have a spontaneous magnetization below the Curie temperature, and show
no magnetic order (paramagnetic) above it. In addition, the saturation magnetization
with respect to temperature follows complex behavior, and below a threshold called Ne´el
temperature (TN), χ decreases with the temperature.
223
In antiferromagnetic materials, such as the present β-Fe2O3, the magnetic moments
are aligned in a regular pattern with neighboring spins pointing in opposite directions.
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Figure C.2 – Representative hysteresis loop for ferromagnetic materials. Ms, Mr and Hc
are highlighted.221
When an external magnetic field is applied, the absolute value of one of the sublattice
magnetization can differ from the other one, resulting in a non-zero total magnetization.
Generally, antiferromagnetic order may exist at sufficiently low temperatures, vanishing at
TN , above which an antiferromagnetic (or ferrimagnetic) material becomes paramagnetic,
since the thermal energy becomes large enough to destroy the macroscopic magnetic
ordering.223,225
In addition, materials characterized by a complex structure and a high structural
anisotropy, such as the present -Fe2O3 nanostructures, can present uncommon magnetic
behaviours, such as spin-canted (anti)ferromagnetism and metamagnetism. The first is
a special condition which occurs when antiparallel magnetic moments are deflected from
the antiferromagnetic plane, resulting in a weak net magnetism. The second is typical of
a material that has the properties of an antiferromagnet in weak magnetic fields, and of
a ferromagnet in fields with a higher intensity.5,84
In the present work, the magnetic properties of β-Fe2O3 and -Fe2O3 materials sup-
ported on Si(100) substrates (see section 2.3) have been tested at various temperatures
in cooperation with the group of Prof. A. Caneschi (Department of Chemistry, Univer-
sity of Firenze). Magnetic measurements were performed using a SQUID magnetometer
(Quantum Design MPMS) operating in the 3.0 - 300.0 K temperature range, with an ap-
plied field up to 50 kOe. Magnetic moments of the investigated systems were obtained by
subtracting the Si(100) diamagnetic contribution. The magnetic moment was normalized
to the system geometrical area.41
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C.2 Electrochemical tests
A rechargeable battery is a device capable of converting chemical energy into electrical
one (the chemical system is discharged) and then re-converting the electrical energy to
chemical energy (the chemical system is charged). Among various rechargeable batteries,
Li-ion batteries (LIBs) have attracted an increasing attention for their application in
portable electronics and electric vehicles. In Li-ion batteries, lithium ions move from the
negative to the positive electrode during discharge, whereas the ions follow the reverse
pathway. The opposite phenomena take place upon battery charging.95,98,99
A typical battery comprises an anode, a cathode and an electrolyte. The latter has
to be an electronic insulator (to avoid short-circuiting) but a good ionic conductor (to
transport electrochemically active species). Both the anode and the cathode are materi-
als possessing a good electronic conductivity and into/from which the lithium ions can
migrate.95
In the search for high storage capacity and cost-effective anode materials, metal ox-
ides (MxOy) have been widely investigated. In fact, these materials have the ability to
reversibly store a high Li amount through an heterogeneous conversion reaction:95,96
2y Li + MxOy ⇔ y Li2O + x M (C.2)
Nevertheless, the application of such oxides is often hindered by their modest elec-
tronic conductivity and large volume changes occurring during charge/discharge cycles,
that might result in their pulverization. In addition, during insertion/extraction reactions
at the anode, the electrode/electrolyte interfaces sustain noticeable variations, among
which the formation of a solid electrolyte interface (SEI), that can significantly affect
its stability and overall behaviour.100,226 To this regard, the achievement of a controlled
spatial organization at the nanoscale represents a key mean to attain good cycling per-
formances and to maintain a high specific capacity.98,99 In fact, the increasing of anode
specific capacity is necessary to lower battery weight, volume and, eventually, cost.96
The characterization of a material as a LIBs anode is performed by electrochemical
experiments analyzing the anode capacity as a function of cycling and voltage rates. To
this regard, important parameters are the specific capacity, defined as the rate of fully
charging or discharging the cell within 1 h, the cycleability, that considers the number
of discharge-charge cycles before failing to meet specific performance criteria, and the
self-discharge characteristics.41,95,99
Current-voltage analysis enables to calculate the electrode capacitance values and to
get information also on Li intercalation and extraction mechanism.41,98,99,101 The re-
versibility and stability of the electrochemical processes are investigated through galvano-
static tests, by cycling cells in the same potential window, in which a constant current is
applied and the voltage is monitored as a function of time. In this way, the capacity of
C.3 Photocatalytic processes 261
the active material during discharge/charge processes at different cycling capacity rates
can be calculated.∗41,98
In the present work, β-Fe2O3 nanomaterials supported on Ti slides (a conductive sub-
strate allowing electron transfer) have been tested as LIB anodes (see section 2.3) in col-
laboration with the group of prof. L. Sa´nchez (Department of Inorganic Chemistry and
Chemical Engineering, Cordoba University, Spain). Interestingly, the use of supported
systems, as in the present case, conveniently avoids the slurry casting usually performed
with powdered materials onto the current collectors after mixing with conductive addi-
tives.41 Electrochemical tests were performed in two-electrode swagelok-type cells, using
lithium as a counter electrode and a Merck battery electrolyte LP 40 [ethylene carbonate
(EC)diethyl carbonate (DEC), EC/DEC=1:1 w/w, 1M LiPF6]. Charge/discharge curves
were recorded at 0.25 mV×0.22 h−1 per step. Galvanostatic tests were performed at dif-
ferent cycling rates, from 0.15 to 10 C. Electrochemical measurements were controlled by
a MacPile potentiostat-galvanostat.
C.3 Photocatalytic processes
Since the use of catalytic processes is involved in well-established technologies for en-
vironmental protection (such as pollutant degradation, air and water purification, . . .) the
preparation of efficient catalysts is one of the most important challenges to be addressed
in this field.227–229
In this regard, the use of photocatalysts activated by solar light irradiation, an intrin-
sically renewable and largely available energy source, can be a valuable answer concerning
also a sustainable energy production.32,115,117
The term photocatalysis is referred to catalytic processes triggered by electromagnetic
radiation, that can occur in heterogeneous gas/solid and liquid/solid systems.227,228
There are three main open challenges in the field of heterogeneous photocatalysis.
First, the activity of a target material should be maximized, and the factors affecting its
activity need to be identified. Another important issue is the selectivity. As an example,
in water and air purification, the aim is to achieve a complete pollutant mineralization,
avoiding the concurrent production of hazardous by-products. Finally, an improvement
of the photocatalyst spectral sensitivity, enabling its activation by means of the sunlight,
is highly desirable.32,230
The photocatalytic process starts with the absorption of a photon by a semiconductor
(SC) material acting as catalyst. In the case of metal oxides, the conventional band model
typically considers the valence band (VB), mainly composed by the 2p orbitals of O2−
ions, and the conduction band (CB), made up of metal ions valence d orbitals.180 The
∗capacity rate: measure of the rate at which a battery is discharged relative to its maximum capacity.
A 1C rate means that the discharge current will discharge the entire battery in 1 hour.
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Figure C.3 – Schematic representation of a generic photocatalytic process by using a SC
photocatalyst. A (e.g., O2) and D (e.g., OH
−, H2O) represents electron acceptors and
donors227,228
VB and CB are separated by a forbidden band gap (EG), and when the semiconductor
is illuminated with a radiation of energy ≥EG, CB electrons (e−) and VB holes (h+) are
generated. Subsequently e−/h+ pairs can diffuse to the catalyst surface or recombine in
the bulk region. The lifetime of photogenerated charge carriers is directly influenced by
various carrier recombination and trapping processes, affecting the number of e−/h+ pairs
that can effectively participate to the catalytic reaction.32,227,228,230
When arrived to the catalyst surface, e−/h+ carriers are trapped by defect sites, surface
states or captured by oxidizing/reducing agents. In particular, the trapped electrons re-
duce pre-adsorbed acceptor A to A−, whereas the trapped holes oxidizes the pre-adsorbed
electron donor D to D+ (Figure C.3).32,227
Photocatalysis belongs intrinsically to the nanosized world, since it involves surface
reactions and atom-molecule interactions on active sites along with the material elec-
tronic structure.230 As a consequence, the improvement of the photocatalysis state-of-
the-art is strongly connected to the ability of designing nanosystems with performances
directly tuneable as a function of their dimensionality.32,39,68,70,230 The synthesis of novel
nanomaterials featuring ad-hoc properties can concur in determining a minimized carrier-
transport distance and an increased surface area available for charge-transfer processes,
minimizing recombination losses. Another key point is the possibility of tailoring light
absorption in the solar spectrum.32,39,227
It is worth emphasizing that all the photocatalysts fabricated in this work are directly
supported on a solid substrate. This aspect represents a crucial advantage with respect
to largely used powdered materials. In fact, supported nanosystems offer a broader per-
spective for property tailoring and a lower tendency to sintering and/or deactivation upon
operation. Furthermore, their utilization eliminates the necessity of filtration processes
required by powdered catalysts, opening attractive perspectives for on-site technological
utilization.32
In the following sections, a brief discussion of the various photo-activated processes
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investigated in this thesis is presented.
C.3.1 Photocatalytic pollutant oxidation
In recent years, photocatalytic pollutant oxidation (PCO) processes have been widely
studied thanks to their potential application for air/water purification and self-cleaning
surfaces activated by solar irradiation. Remarkable examples are the purification of in-
dustry waste waters, the prevention of mould formation on walls or the abatement of bad
odors.173,228
A general mechanism accepted for PCO involves the reduction of O2 to superoxide
radical anions by electrons, and the oxidation of H2O by holes to produce hydroxyl rad-
icals. These photo-generated highly reactive radicals can subsequently decompose the
target organic compounds.228
In the following paragraphs, a more detailed description of photocatalytic processes
involving solid (terephthalic acid), liquid (methylene blue) and gas (nitrogen oxide) phase
PCO processes is reported.
Terephthalic acid photo-oxidation Materials that exhibits self-sterilization and/or
self-cleaning properties have a high applicative potential in medicine, automotive and
food industries, environmental protection and architecture.173,231
In this PhD thesis, the self-cleaning activity was investigated by a quantitative and
highly sensitive photo-oxidation method, monitoring terephthalic acid (TPA) oxidation
product, hydroxyterephthalic acid (HTPA, Figure C.4).70 In fact, during this process,
TPA can be quantitatively oxidized by photo-generated hydroxyl radicals (OH•), produc-
ing the fluorescent HTPA.173,228 TPA has been used as a raw material in polymer industry
and can be considered as a good prototype of a solid environmental pollutant.231
Measurements regarding TPA photocatalytic oxidation were performed on α- and
-Fe2O3 based systems, in collaboration with the group of prof. U. Lavrencˇicˇ-Sˇtangar
(Laboratory for Environmental Research, Nova Gorica University, Slovenia). A TPA-
containing film was deposited on each sample surface by dip-coating into a water/ethanol
solution containing sodium terephthalate and hydroxyethylcellulose. Specimens were sub-
sequently UV-irradiated in a photo-chamber for fixed time intervals and finally washed
with water/ethanol mixture. HTPA concentration was determined by fluorimetry in a
micro-plate reader Tecan Infinity F200 (λ = 320 and 430 nm were used as excitation and
emission wavelengths, respectively).70
The present method presents several desirable characteristics as self-cleaning test: (i)
it comprises solid-solid and solid-air interfaces; (ii) the oxidation process can be followed
in a short time scale, if a highly sensitive and accurate detection is performed (HPLC-FLD
or spectrofluorimeter analysis); (iii) the TPA layer deposited on the sample is photostable
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Figure C.4 – Formation of a fluorescent HTPA molecule during TPA PCO process.
and highly transparent to Vis and UV radiation.173
Methylene blue photo-oxidation The widespread presence of organic dyes in indus-
trial wastewater results in potentially serious environmental problems. Due to the nature
of synthetic dyes, conventional biological treatment methods are ineffective for decoloring.
Conversely, heterogeneous photocatalysis is a valuable route to attain the mineralization
of various organic pollutants.232–236
In this work, the choice of methylene blue (MB) (Figure C.5) as a target dye to
follow photocatalytic processes in water solutions is motivated by its low volatility and
peculiar blue color, enabling an easy spectrophotometric monitoring during degradation
experiments.105
reports of MB dye degradation under visible light,
like Asahi et al. with a reduced TiOx (TiO2 xNx)
and Li et al. with a Pt–TiO2 photocatalyst [2,18].
Furthermore, the efficiency is limited by the light
absorption characteristics of the TiO2-based
photocatalysts. It is in urgent need to develop a
new visible light-driven photocatalyst with higher
activity.
Here, we report the preparation and charac-
terization of a new visible light-driven photocata-
lyst CaIn2O4, which can degrade easily MB dye
under visible light irradiation. The dependence of
MB degradation on light wavelength is discussed.
A comparison of the photocatalytic property of
CaIn2O4 with that of the TiO2 (P-25) photocata-
lyst is also presented.
2. Experimental
Polycrystalline samples of the CaIn2O4 photo-
catalyst were prepared by the solid state reaction
method using high purity grade chemicals of
CaCO3 and In2O3 [19]. The stoichiometric
amounts of precursors were mixed. The mixtures
were reacted inside an aluminum crucible in air for
three times. At the final process, the samples were
calcined for 12 h in air at 1323 K. The preparation
method is easy to operate, however it is know that
it often yields a product with an extremely low
surface area.
The crystal structure of the samples was deter-
mined by X-ray diffraction method (JEOL JDX-
3500 Tokyo, Japan). The photophysical property
of the photocatalyst was measured by UV–visible
spectrometer (UV-2500, Shimadzu, Japan). The
surface area of the photocatalysts was determined
by BET measurement (Micromeritics-2360, Shi-
madzu, Japan) on nitrogen adsorption at 77 K
after the pretreatment at 573 K for 2 h.
The photocatalytic reaction system consisted of
a 300 W Xe arc lamp, a cut-off filter (providing the
visible light of different wavelength) and a water
filter (preventing from thermal catalytic effect),
which were placed between the Xe lamp and the
reaction cell. The photocatalytic reaction was
carried out with 0.3 g powdered CaIn2O4 sus-
pended in 100 ml MB solution (MB solution
concentration was about 47.8 lmol/L and the
initial pH value of the solution was nearly 7.) in a
Pyrex glass cell. All experiments were conducted at
room temperature in air. The slurry samples in-
cluding the photocatalyst and MB were separated
by syringe driven filter unit (Millex, Millipore
Corp., USA), then the solution was analyzed by
UV–visible spectrometer. MB degradation was
detected by measuring the absorption at the
wavelength of 665 nm [10,13,17]. The absorption
was converted to the MB concentration referring
to a standard curve showing a linear behavior
between the concentration and the absorption at
this wavelength. The product of MB degradation
was determined by ion chromatograph with a
conductivity detector (LC-10ADsp Ion Chro-
matograph, Shimadzu).
3. Results and discussion
Fig. 2 shows the MB degradation under visible
light irradiation (k > 420 nm) over the CaIn2O4
photocatalyst. MB concentration in the solution
decreased quickly to 0 lmol/L after visible light
irradiating for 120 min. The solution color also
changed from deep blue to colorless. The results
exhibited that MB was degraded easily with the
CaIn2O4 photocatalyst under visible light. The
initial rate of MB degradation over the photocat-
alyst was about 7.1 108 mol/m2/s. The quantum
efficiency was estimated to be 0.15% by using an
interference filter (k ¼ 400 nm; half-width, 14.6
nm) assuming that the conversion of a MB mole-
cule only needs a photon. MB degradation was
also observed in the dark condition, the result
showed that MB was not decomposed without
light irradiation.
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Fig. 1. MB structural formula.
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Figure C.5 – MB structural formula.
Photocatalytic tests for MB decomposition were carried out in cooperation with the
group of prof. L. Sa´nchez (D p rtment of Inorganic Chemistry and Chemical Engineer-
ing, Cordoba University, Spain), using α- and β-Fe2O3 samples supported on ITO slides
(1×1 cm2) as photocatalyst. MB degradation exp riments (s lution volume = 5.0 mL;
concentration = 1.0×10−5 M) were performed under simulated solar light by means of
a Solarbox 3000e RH testing instrument equipped with a Xe lamp (UV and Vis irradi-
ance = 1.5 and 140 W×m−2, respectively). The MB concentration was determined by a
CM-5 Konica Minolta spectrophotometer. The photocatalytic activity was evaluated by
monitoring the dye absorbance maximum (λ = 660 nm), operating at pH ∼ 6.4.
NO photo-oxidation The removal of nitrogen monoxide, one of the most common
gaseous pollutants in urban areas, is of great importance due to its har ful environmen-
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tal and health effects even at ppb levels.103,104,114 NO removal can occur through its
progressive oxidation according to the following reactions:103
NO + O−2 → NO−3 (C.3)
NO + OH• → HNO2 (C.4)
HNO2 + OH
• → NO2 + H2O (C.5)
NO2 + OH
• → NO−3 + H+ (C.6)
In the present thesis, gas-phase NO photo-oxidation tests were performed on α- and β-
Fe2O3 samples supported on ITO slides (1×1 cm2) by using a laminar flow quartz reactor
irradiated with simulated sunlight (Solarbox 3000e RH testing instrument, Xe lamp). NO
concentration as a function of irradiation time was determined by a chemiluminescence
analyzer (Environnement AC32M). The tests were carried out in collaboration with the
group of prof. L. Sa´nchez (Department of Inorganic Chemistry and Chemical Engineering,
Cordoba University, Spain).
C.3.2 Photocatalytic H2 generation
In the last decade, a remarkable worldwide attention has been devoted to the pro-
duction of hydrogen which, besides being a key reactant for the chemical industry, is a
strategically appealing energy vector, thanks to its clean combustion free from the green-
house gas CO2 and to the possibility to be efficiently converted into electricity by means
of fuel cells.32,60,115,227
Among the various H2 production methods, photoreforming of aqueous solutions con-
taining oxygenated organic compounds (OOCs, eq. C.7) is an appealing route to overcome
the low conversion efficiency affecting pure water photosplitting.115,117
CxHyOz + (2x− z) H2O hυ−→ x CO2 + (2x + y/2− z) H2 (C.7)
Many oxygenate molecules (CxHyOz), mostly derived from biomasses (for instance,
sugar, starch, vegetable oils, lignocellulosic crops, and algae fuels), have been tested for
H2 production by these routes.
115
Beside the production of H2, this process can be used for the purification of polluted
water through mineralization of waste products arising from biomass processing industries.
One additional key advantage is the possibility to interrupt the process at the desired
stage, with the selective production of important chemicals through clean and sustainable
routes.39,115
If compared to pure water photosplitting, OOC photoreforming is a less endoergonic
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process that also minimizes the back reaction with oxygen, offering thus a more viable
route for H2 production. At variance with photoelectrochemical routes (see section C.3.3),
no supplementary external energy inputs are required, an interesting feature for practical
applications.115,117
As already discussed, at the beginning of the photocatalytic process, electromagnetic
irradiation of the SC produces e−/h+ pairs, that subsequently migrate to the catalyst
surface and react with the adsorbed OOCs. In this way, the organic compound can be
oxidized, whereas the produced H+ species are reduced to H2 by photogenerated elec-
trons.237 In principle, the process can continue up to CO2 formation (reaction C.7 and
Figure C.6).115
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Figure C.6 – Schematic representation of water splitting, OOC oxidation and photoreform-
ing over an irradiated photocatalyst. Production of hydrogen (i), oxygen (ii), consumption
of photogenerated electrons by chemisorbed oxygen (iii) and oxidation of organic derivatives
(iv) are reported. The overall photoreforming process combines photoinduced hydrogen pro-
duction (i) and oxidation of organic derivatives (iv).115
In this work, photoreforming processes were run under simulated solar radiation in
cooperation with the group of Prof. P. Fornasiero (Department of Chemical and Phar-
maceutical Sciences, Trieste University) by using a stainless steel photoreactor. Various
iron(III) oxide-based systems supported on Si(100) have been tested, including phase-pure
(α-, β- and -Fe2O3), doped (F-doped α-Fe2O3) and composite (Ag or Au/-Fe2O3) nano-
materials. Illumination was performed using a Solar Simulator (LOT-Oriel) equipped
with a 150 W Xe lamp and an atmospheric edge filter to cut-off UV photons below 300
nm. Specimens were placed at the bottom of the reactor (maintained at 25℃) filled
with a water/OOC solution. Ethanol, glycerol and glucose has been selected as OOCs,
since they can be sustainably produced from largely available biomasses. In addition,
their choice has been performed also to study the catalytic activity as a function of the
starting organic molecule.115 The OOC concentrations were chosen in order to simulate
aqueous solutions recovered from biomass treatments. Evolved gaseous products were
detected on-line by an Agilent 7890 gas chromatographer. Graphite-furnace atomic ab-
sorption spectroscopy (GF-AAS) was used to quantify the iron amount leached during
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photocatalytic experiments.39
C.3.3 Photoelectrochemical cells
Beside photoreforming, another viable strategy to generate not only H2, but also
electrical power, is represented by photoelectrochemical processes activated by solar
light.227,238,239
The reaction of photoelectrochemical water splitting promoted by SC photocatalysts,
resulting in the simultaneous formation of H2 and O2, can be sketched as follows:
†227,240,241
SC + 2 hν → 2 e−CB + 2 h+V B (C.8)
Reduction reaction (E0red = 0.00 V vs. RHE):
2 H+ + 2 e−CB → H2 (C.9)
Oxidation reaction (E0ox=1.23 V vs. RHE):
H2O + 2 h
+
V B+ → 1/2 O2 + 2 H+ (C.10)
Overall reaction (∆E0 = -1.23 V):
H2O→ H2 + 1/2 O2 (C.11)
The overall water splitting reaction, an “up-hill” process with a ∆G0 = 237 kJ/mol
potential, needs an energy input in order to take place.240
A photoelectrochemical cell (PEC, Figure C.7) involves the use of a photoactive elec-
trode, usually a SC capable of efficiently absorbing light with an energy ≥ of its EG,
resulting in the generation of e−/h+ pairs. Upon absorption of radiation, photoexcited
holes move towards the semiconductor surface and can subsequently oxidize water, pro-
ducing oxygen (Figure C.7 and eq. C.10). Concurrently, photoexcited electrons can be
transferred to the second electrode (cathode), resulting, in turn, in H2 evolution (Figure
C.7 and eq. C.9).32,227
In the last years, research activities have been focused on the development of pho-
toanode materials, capable of simultaneously satisfying all the criteria required by PEC
applications: (i) high conductivity, (ii) corrosion resistance, (iii) correct alignment of
VB and CB edges with respect to water redox potentials.32 Despite many SC materials
absorbing in the visible range have been extensively investigated, the preparation of a
material with high activity and stability is still challenging.
When the SC and the electrolyte solution come into contact, equilibrium can be
achieved through the transfer of electrons from the semiconductor to the electrolyte,
so that the Fermi levels (EF ) for both phases become equal. This phenomenon induces
†Reaction potentials are given against the reversible hydrogen electrode (RHE).
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Figure C.7 – Schematic representation of a PEC device using a n-type SC photoanode and
a metal as catode. The corresponding energy level scheme are also reported.32
a band bending at the interface between the semiconducting photoanode and the elec-
trolyte and results in the formation of a charge region at the interface. Thanks to the
build-up of a strong electrical field, the space charge region can promote the separation of
photogenerated e−/h+ pairs, reducing their detrimental recombination at variance with
the homologous bulk e−/h+ pairs.239
A key property of the space charge region for SC electrode is the flat band potential
(VFB), defined as the potential for which the Fermi level (EF ) of the semiconducting
electrode and EF of the electrolyte solution are equal. The determination of VFB is
important in PEC processes in order to calculate the energy position of the valence and
conduction band edge of a given semiconductor material, and VFB can be calculated
through Mott-Schottky equation:227,239
1
C2
=
(
2
q0N
)(
Vapp − VFB − kT
q
)
(C.12)
where C is the capacitance at SC/electrolite interface, 0 is the free space permittivity,
 is the semiconductor dielectric constant, q is the carrier charge, N is the carrier density,
T is the operational temperature and k is Boltzmann constant. As a consequence, a plot
of 1
C2
against the applied potential Vapp should result in a linear dependence, from which
VFB can be extrapolated from the intercept with the V axis. The value of N can also be
conveniently obtained from the slope, if  of the target material is known.241
In the present work, PEC experiments were performed in cooperation with the group
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of Prof. S. Mathur (Department of Chemistry, Cologne University, Germany), testing F-
doped β-Fe2O3 supported on ITO slides as photoanodes. Measurements were carried out
in a PEC comprising the working electrode, a platinum counter-electrode and a saturated
calomel electrode (SCE; PAR, Model: K0077, USA). Current-voltage (I-V) characteristics
of photoelectrodes were recorded both under darkness and under irradiation, using one
sun illumination (Xe arc lamp, 150 W). The photocurrent density was calculated from
the linear-sweep voltammograms (-1.0 ÷ 1.0 V, scan rate = 10 mV×s−1) by subtracting
the dark current from the current obtained in light and dividing by the electrode area. To
obtain Mott-Schottky curves, the capacitance was measured at various Vapp values using
a LCR meter (Agilent Technology, Model: E4980A).
C.3.4 Photo-induced hydrophilicity
The study of material hydrophilic properties is of great importance for a wide range of
applications such as air and water pollution control, antifogging and self-cleaning glasses,
anti-beading windows or mirrors.229 Surface wettability is defined in terms of the water
contact angle (WCA) of a liquid H2O drop on the target surface. WCA is mainly deter-
mined by the balance between cohesive forces in the liquid and adhesive forces between
the solid and the liquid (Figure C.8).
The predominant contribution to the contact angle comes from the surface character-
istics of the solid material, which is related to its surface morphology (lotus effects) and
chemical composition.242–244 Therefore, chemical variations of a material surface upon
light irradiation, resulting into the formation of oxygen vacancies acting as an adsorption
site for water molecules, can play an important role in changing its wettability.245
water 
hydrophobic surface hydrophilic surface 
water γLV 
γSV 
γSL 
ϑ 
(a) (b) (c) 
Figure C.8 – (a) Schematic representation of the contact angle definition; sketch of hy-
drophobic (b) and hydrophilic (c) surfaces. γ represents surface tension, and S, L and G
the solid, liquid and gas phase.243
Photo-induced hydrophilicity depends on the ability of a SC material to generate
electron/hole pairs upon illumination with UV or Vis light and on their interactions with
chemical species before their recombination. The photogenerated oxygen vacancies (VO)
can favor the dissociative chemisorption of H2O, and the resulting -OH moieties at the
270 Functional tests
material surface can produce an increased hydrophilicity.174,175 The process is reversible,
since in dark conditions, the material can achieve its initial CA value. In addition, the
enhancement of hydrophilicity can occur due to photocatalytic decomposition of organic
contaminations, typically present on the surface of metal oxides.242,245
In particular, photo-induced hydrophilicity can be analysed by recording the evolution
of WCA as a function of the UV irradiation time.
In this thesis, tests were performed in cooperation with the group of prof. U. Lavrencˇicˇ-
Sˇtangar (Laboratory for Environmental Research, Nova Gorica University, Slovenia).
Photo-induced hydrophilicity experiments on α- and -Fe2O3 surface functionalized sys-
tems were carried out at room temperature using a horizontal microscope with a protractor
eyepiece [Contact Angle Meter (CAM-100) from KSV Instruments, Ltd. Finland]. On
each sample, measurements were repeated twice at different irradiation times to obtain av-
erage water CA values. Zero-time angles were determined after the specimens were stored
in the dark for several days. Samples were subsequently irradiated in a photochamber
equipped with three UV lamps (Philips CLEO 20 W, broad maximum at 355 nm). The
average incident irradiance was 23.3 W×m−2 in the interval 300-400 nm.
C.4 Gas sensing
Chemical sensors have gained a great importance in the past two decades for appli-
cations that include homeland security, medical and environmental monitoring and food
safety. A desirable goal is the ability of simultaneously analyzing a wide variety of gases,
and selectively detect only a target analyte with high specificity and sensitivity.69,141,246,247
In this context, metal oxide SCs have been used as chemical sensors in several ap-
plicative fields. In the present work, the sensing performances of selected nanomaterials
were tested in the detection of toxic and/or flammable gases, such as hydrogen, ethanol,
acetone and nitrogen dioxide.69 The fundamental sensing mechanism of oxide-based gas
sensors relies on their electrical conductivity variation upon exposure to gases.166 The
sensing process involves the adsorption of O2 on metal oxide surfaces, resulting in the
surface capture of an electron from the conduction band. As a consequence, the sur-
face region is depleted in electron density, with the formation of the so called depletion
layer.141,247,248
O
2(g)  O2(ads) (C.13)
O2(ads) + e
−  O−2(ads) (C.14)
O−2(ads) + e
−  2 O−(ads) (C.15)
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In the presence of a reducing gas, such as CH3CH2OH and H2, a chemical reaction
between gas molecules and negatively charged adsorbed oxygen species (O− being the
most frequent) leads to an electron release.141 As a consequence, this process results in a
increased conductivity for a n-type semiconductor, whereas a decrease in the conductivity
occurs in p-type semiconductors, due to a lowered concentration of the majority charge
carriers.
CH3CH2OH(ads) + 6 O
−
(ads)  2 CO2 + 3 H2O + 6 e− (C.16)
H2(ads) + O
−
(ads)  H2O + e− (C.17)
Conversely, oxidizing agents act as electron traps due to their electron-withdrawing
properties. In this case, a decrease in the conductivity is expected for a n-type semicon-
ductors, whereas the opposite holds for p-type semiconductors.249,250
NO2(ads) + e
−  NO−2(ads) (C.18)
NO−2(ads) + O
−
(ads) + 2 e
−  NO (g) + 2 O2−(ads) (C.19)
In order to investigate the gas sensing properties of the target metal oxide nanomate-
rials, insulating substrates need to be used (in this work polycrystalline Al2O3 or Si(100)
substrates covered by an insulating layer (50 nm) of thermal SiO2, both 3 × 3 mm2 slides),
enabling thus to exclude any substrate contribution to the measured conductivity.69,251
A schematic representation of the devices used for gas sensing measurements is shown
in Figure C.9. The sensor was fabricated by depositing the target nanomaterial on the
substrate, and then Pt electrodes are sputtered on the deposit surface using a mask. The
working temperature of the sensor is controlled and monitored by a Pt heating element,
deposited on the backside of the substrate. An uniform heating of the whole region is
ensured by the heating element and the low substrate thickness. The obtained sensors
are mounted on a device (TO8 package) and subsequently contacted by thin gold wires.
In this thesis, gas sensing measurements on various composites systems (Pt,Ag/β-
Fe2O3 and Au/-Fe2O3) were carried out in cooperation with the group of Prof. G.
Sberveglieri and Dr. E. Comini (SENSOR laboratory, Brescia University) at atmospheric
pressure in a sealed chamber maintained at 20℃. The sensor responses were investigated
at temperatures between 100 and 400℃, after pre-heating at each operating temperature
for 8 h inside the test chamber for thermal stabilization. The volt-amperometric technique
was applied to measure the current flowing through the specimen, working at constant
bias regimes (1 V). Data were recorded by a picoamperometer (Keithley 486) and a signal
amplifier (Keithley 7001 SWITCH SYSTEM). All tests were carried out under a constant
and controlled humidity level of 40%.
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substrate 
Figure C.9 – Scheme of the devices used for the gas sensing measurements.252
From the ratio between measured current and the applied potential, it is possible to
obtain the conductance value of the tested material. In this thesis, the sensor response S
is determined by the conductance relative variation:141,247,252
S =
Gf −G0
G0
=
∆G
G0
(C.20)
where G0 is the initial conductance in the presence of synthetic air, whereas Gf is the
corresponding value upon contact with the analyte.
The response time is calculated as the time required for reaching 90% of the equilibrium
conductance value upon test gas injection, whereas the recovery time is the one for the
sensor to return to 30% of the original conductance at the end of the target gas pulse.
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